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ABSTRACT 
Dynamic combinatorial libraries (DCLs) are collections of structurally related 
compounds that can interconvert through reversible chemical reaction(s). Such 
reversibility endows DCLs with adaptability to external stimuli, as rapid interconversion 
allows quick expression of those DCL components, which best respond to the disturbing 
stimulus. Chapter one focuses on the comparison between thermodynamically and 
kinetically controlled phenomena that occur within DCLs. Specifically, it will describe 
self-sorting under the influence of reversible and irreversible chemical and physical 
stimuli. 
Metal alkoxides, such as NaOt-Bu or Ti(OBu)4, can initiate acyl exchange within 
complex ester libraries. Reactive distillation of such DCLs isolates the most volatile ester 
at the expense of the less volatile library members that share a constituent with it. This 
process can be iteratively repeated to yield up to four industrially relevant esters as pure 
products from a single reaction setup.  
Esters are also volatile and pleasantly smelling compounds, commonly used as 
food additives. Using Ti(OBu)4-catalyzed acyl exchange, we demonstrate a scent 
transmutation experiment, in which two fragrant esters swap their acyl and alkoxy 
substituents and are, during the course of a reactive distillation, quantitatively converted 
into two different esters with distinct fragrance properties. We view this simple and 
appealing experiment as highly suitable for instructional use, since it can be used to teach 
 viii 
the concepts of chemical equilibrium, distillation, transesterifcation, dynamic 
combinatorial chemistry, and the industrially relevant process of reactive distillation. 
Using cyanide-assisted benzoin condensation of isophthaldehyde 
terephthalaldehyde, we first prepared cyclotribenzoin and cyclotetrabenzoin. 
Cyclotribenzoin is a cone-shaped macrocycle whose three benzene rings define a cuplike 
cavity, while six of its C–H bonds convergently point in the opposite direction. This 
combination of convergently oriented cation- and anion-binding groups, coupled with an 
exceedingly simple synthesis, promises to make cyclotribenzoin an appealing platform 
for supramolecular chemistry studies. Cyclotetrabenzoin is a square shape-persistent 
macrocycle ornamented with four α-hydroxyketone functionalities pointing away from 
the central cavity, whose dimensions are 6.9×6.9 Å. In the solid state, these functional 
groups extensively hydrogen bond, resulting in a microporous three-dimensional organic 
framework with one-dimensional nanotube channels. This material exhibits permanent 
porosity, with a Langmuir surface area of 52 m2g−1. 
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 1 
Chapter One Self-Sorting Phenomena in Dynamic Combinatorial Chemistry 
 
1.1 Introduction 
Dynamic combinatorial chemistry (DCC)1 points out an chemical environment 
under thermodynamic control, which is applied for the effective construction of a new 
molecule out of a chemical library using reversible reactions. Individual library members 
can be amplified if they respond well to the distorting influence of external stimuli. A 
dynamic combinatorial library (DCL) is generated from a blend of library members, 
which can react with each other to achieve interconversion through specific non-covalent 
or reversible covalent interactions via functionalization of library members. Once the 
library interchange is triggered, the distribution of library members is dependent on the 
thermodynamic minimum of the whole system through equilibrium. The concentration of 
each library member is dependent on their stability relative to other library members and 
that may vary upon the introduction of external stimuli. An individual component in a 
library based on non-covalent interactions might be amplified if template is added; this 
amplification shifts the equilibrium of the system towards the most stabilized product at 
the expense of other species.  
Developed in the 1990s, the basic principle of DCC proceeded from the 
realization that it is very difficult to fullfill the task of constructing effective receptors 
capable of specific molecular recognition by using a straightforward synthetic design 
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approach. A newer, more efficient and general approach which was characteristic of 
combinatoriality, selectivity, and amplificability was later introduced to solve this 
problem. The guest molecule is allowed to select its own host, effectively “choosing” the 
most effective host from a mixture of potential candidates. Accordingly, selection will 
lead to the shift of equilibrium distribution in the DCL, which further amplifies the most 
stable host-guest combination. For chemical complex characteristic of molecular 
recognition ability, this approach could be considered as the intersection of two existing 
approaches to synthesis: thermodynamically controlled template synthesis and 
combinatorial chemistry.  
In thermodynamically controlled chemical reactions, such as esterification, 
acetalization, and imination, the target products could be amplified by shifting the 
equilibrium to the product's side via removal of the water, temperature control, or 
stoichiometry control. Templates could also be used in thermodynamically controlled 
syntheses to enhance product formation. As early as 1900’s, Emil Fischer’s study on 
carbohydrate and Werner’s study on coordination complexes showed evidence of the use 
thermodynamic control in synthesis.2 In 1953, Watson and Crick discovered the DNA 
double helix and the templated synthesis during the DNA replication was also reported 
accordingly.3 In 1926, the metal ion-templated synthesis of a imine macrocycle had been 
achieved by Seidel in the reaction between 2-aminobenzaldehyde and ZnCl2,4 although it 
was identified as such only much later (Scheme 1.1, left).5 A few years later, Linstead 
reported another unexpected iron-templated macrocyclization reaction between phthalic 
anhydride and ammonia (Scheme 1.1 right).6 In the 1960s, templated synthesis  
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Scheme 1.1 Imine-based macrocycle synthesis templated by ZnCl2 (left) and Fe(II)-
templated synthesis of phthalocyanine (right). 
was clarified and developed by Busch in his pioneering work on both kinetic and 
thermodynamic controlled synthesis. 7  The Ni(II)-templated bis-imine macrocycle 
synthesis expressing the role of a template in stabilizing a desired product from a 
complex equilibrating mixture is probably the first reported example.8  
In 1995, Hamilton et al. reported one of the first example of synthetic recepters 
using reversible coordination of metal ions through combinatorial approach.9 Harding at 
al., in the same year, reported the guest-induced amplification of a metallo-macrocycle 
and metallo-[2]catenane from a mixture.10 The concept of DCC was first introduced into 
literature in the mid-1990s by both Sanders and Lehn groups independently. Early studies 
in Sanders group involved base-catalyzed transesterification to generate macrocycles 
formed from steroid-based building blocks. 11  It was demonstrated that modest 
amplification of specific macrocycles could be achieved upon addition of different alkali 
metal ions. Lehn group’s development of the DCC concept was a result from his metal 
helicates, showing that the major product in the DCL is dependent on the nature of the 
counterion which binds in the center of the helicates.12  
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In order to acquire a diverse range of products, the concept of design in DCC is 
compromised so that it allows the possibility of generating unexpected structures with 
unanticipated properties. Reversible chemistry is chosen to set up DCLs and to design 
suitable building blocks. The design of building blocks involves incorporating suitable 
functional groups at one or multiple positions, which are able to react reversibly when 
combined with other building blocks. The rest of the molecule is designed to cooperate 
with the purpose of a specific DCL, while not interupting the exchange reactions. 
Common features for design of building blocks are: (1) inclusion of functionalities to 
assist molecular recognition; (2) the overall shapes of building blocks are taken into 
consideration; (3) incorporation of solubilizing functionalities, chromophores, or other 
reporter groups. The common type of exchange reactions such as disulfides, imines, and 
alkene metathesis for different applications are extensively discussed in recent reviews 
and exploration of novel reversible reactions fitting for use in DCLs is in progress.13  
 
1.2 Early Concepts in Self-Sorting 
1.2.1 Small Molecules 
The very early concepts of self-sorting came from research on biological 
polymers. In order to generate a faithful replication and transcription of genetic 
information stored in DNA, the complete control over the composition of and the precise 
positioning of functionalities in this biopolymer are obligatory. Nature applied the 
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combination of enzymatic catalysis, molecular recognition and non-equilibrium 
proofreading process to achieve the required level of fidelity. Since the application of 
non-equilibrium proofreading process in synthetic polymers still remains a challenge, the 
use of molecular recognition is dominantly exercised to direct the the composition of 
self-assembled polymer systems. These self-assembly strategies are based on internal 
stimuli that bias polymer compositions instead of using templates that stands for the 
external stimulus in DCC.  
Self-sorting represents the ability to distinguish self and nonself. Nature shows 
this phenomenon from the replication of DNA and recrystallization of racemates into 
conglomerates. Self-sorting also exists in even very simple examples like phase 
separation of oil and water. Isaacs group has investigated the strength of self-sorting in 
mixture of several synthetic host-guest complexes in organic solvent and water.14 In 2002, 
they reported that molecular clips undergo heterochiral aggregation and self-sorting.14d In 
this report, compounds 1, 2, (±)-3, and (±)-4 form tightly self-associated dimers in CDCl3 
driven by the simultaneous formation of π–π interactions and two hydrogen bonds 
(Figure 1.1). The individual 1H NMR spectra of 1, 2, (±)-3, and (±)-4 showed two sets of 
resonances amide NH groups and the protons on substituted o-xylylene side-walls. These 
observations suggested that the kinetic and thermodynamic stable dimeric aggregates are 
formed in CDCl3. The X-ray crystal structure obtained for 1 and (±)-4 also provided 
evidences for the dimerization of these four compounds and gave reasonable geometries 
of their aggregates in CDCl3. Two C=O···HN hydrogen bonds were found in each 
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molecular clip that contributed significantly to the dimerization. 15  Their high 
thermodynamic stability also arose from π–π interactions of four aromatic rings  
 
Figure 1.1 Structures of 1, 2, (±)-3, and (±)-4. 
penetrating into clefts of the opposite molecular clip.16 In summary, this study developed 
one of the earliest examples displaying self-sorting phenomenon driven by H-bonding 
and π–π interactions. In 2003, Isaacs group reported another set of examples, showing 
that the self-sorting in synthetic systems is more likely to be a general phenomenon rather 
than an exceptional behavior.17 Compounds 5–13 are well-known for their self-assembled 
aggregates shown in Figure 1.2; their self-assembly behavior in a complex mixture was 
re-examined by 1H NMR spectroscopy in an organic solvent with barium picrate additive. 
Structures observed were 510•Ba2++2Pic−,18a 616•2Ba2+•4Pic−,18a 72,18b 83•96,18c 102,18d 
112,18e, 18f 122, and 132 in CDCl3 solution; H-bonding within the region (8.0–14.5 ppm) 
was examined. According to literature reports, each of these molecules undergoes self-
assembly to generate well-defined aggregates. A mixture of 5–13 in CDCl3 were also 
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prepared later with the extraction of barium picrate from water. The 1H NMR spectra of 
the mixture are nearly the superposition of of the spectra of the individual aggregates. 
This study indicates that the self-sorting happened in the solution solely based on 
thermodynamic preferences of molecular assembly rather than kinetically controlled 
aggregations.  
 
Figure 1.2 Structures of compounds 5–13. 
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1.2.2 Copolymers and Surfaces 
While Isaacs group focused on the studies of self-sorting in small molecule 
systems, other research groups have extended this concept to copolymers and onto 
surfaces.19 Weck’s group reported polymers with norborene-based backbones and two 
functionalities as the host groups; it was able to bind different guest molecules based on 
metal-ligand interactions, hydrogen bonding, or ionic complexes.20 The copolymers 
designed in the Weck group are based on two monomers containing terminal metal-
coordination or hydrogen bonding recognition moiety (Scheme 1.2).21 Both monomers  
 
Scheme 1.2 The general polymer backbone synthesis.  
have: (1) Norborene polymerizable unit, which could be propagated through ring-opening 
metethesis polymerization (ROMP);22 (2) A spacer molecule to enhance the solubility; (3) 
Pd-pincer complexes allowing for coordination and diaminopyridine functionalities for 
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three hydrogen bondings. Copolymers 16a–20a were synthesized using Grubbs catalyst 
via ROMP. Functionalization of copolymers 17a–19a was achieved via three different 
methodologies in Scheme 1.3: (1) Direct self-assembly of pyridine to the Pd(II) 
complexes or N-butylthymine to the diaminopyridine units to give 17b–19b and 17c–19c; 
(2) Stepwise self-assembly either starts from hydrogen bonding (pathway I) or metal-
coordination (pathway II); (3) Orthogonal self-assembly by simple addition of both 
pyridine and N-butylthymine (pathway III) to give 17d–19d. Association is always 
observed preferentially between established host-guest systems even in a mixture of 
different hosts and guests. Based on those preliminary results, Weck group planned to  
 
Scheme 1.3 Noncovalent universal polymer backbone functionalization strategies.  
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design supramolecular smart materials relying on the controlled tuning of molecular-
levelled assembly and disassembly. In supramolecular chemistry, the disassembly step 
has been considered as a significant step in the application of non-covalent interactions. 
These non-covalent interactions have contributed a lot to the smart material application 
such as molecular latches23 and molecular switches.24 However, all the well-established 
supramolecular systems are using a single non-covalent interaction for the switch on/off 
step. The Weck group expanded the scope of tunable assemblies of non-covalent 
functionalization strategy to copolymers containing three highly selective non-covalent 
interactions.20b In Figure 1.3, the norborene copolymer backbone is functionalized with a 
palladium coordination complex and two different hydrogen bonding host-guest systems. 
It is demonstrated that all three non-covalent functionalizations are orthogonal to each 
other in dichloromethane solvent. While using a 85:15 mixture of chloroform and 
dioxane, upon the metal coordination of the pincer ligand to the pyridine (on) the 
cyanuric acid hydrogen bonding to its guest molecule is broken (off). This ON/OFF 
switching process is independent of the third interaction, i.e. hydrogen bonding between 
diaminopyridine and thymine.  
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Figure 1.3 Schematic representation of a solvent dependant noncovalently functionalized 
triblock copolymer (top); selective self-assembly and disassembly in 85:15 mixture of 
chloroform:dioxane. 
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1.3 Comparison between Thermodynamic and Kinetic Self-Sorting 
1.3.1 Thermodynamic Control of Self-Sorting 
Self-sorting can proceed under either thermodynamic or kinetic control.25 In the 
thermodynamically controlled self-sorting, the system is sorted at the time it reached the 
thermodynamic minimum. Thermodynamic self-sorting is dependent on the reversibility 
of interactions between different building blocks in the DCL until the equilibrium is 
established. The reversibility is often relying on the use of low-barrier non-covalent 
interactions or dynamic covalent bonds. In the following paragraph, the research work of 
Lehn,26 Sanders,27 and Nitschke28 group will be illustrated to give a further review of the 
progress of thermodynamic self-sorting.  
 
1.3.1.1 Self-Assembly of Metal-Oligopyridine Helicates 
Lehn suggested that it is of special importance to investigate the physicochemical 
features of helicate formation in the study of self-assembly process and the relationship to 
biological self-assembly systems.26 In this study, they proposed a selective formation of 
helicates in the mixture of [oligo(2,2’-bipyridine)] strands 21–25 and specific metal ions 
(Scheme 1.4). The self-assembly of 21 and Cu(I) was first examined that the spontaneous 
formation of a double helicate 212H was the only helicate, no other species being 
observed. A new question was proposed by Lehn group after this observation: what will 
happen if a mixture of oligobipyridine strands of different lengths is treated with Cu(I); 
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will only helicates containing identical strands be formed or will ill-defined mixtures be 
formed? By mixing the ditopic 21 and tritopic 22 oligobipyridine species, it was found 
that a mixture of either only the discrete helicates 212H and 222H or other mixed species  
 
Scheme 1.4 Self-recognition in the self-assembly of the double helicates 212H –242H 
from a mixture of the oligobipyridine strands 212H –242H and CuI ions (BF4– or PF6– 
anions omitted). 
such as a double-helical complex [(21)3(22)2Cu6]6+ was formed. It was found that when 3 
equivalents of 21a and 2 equivalents of 22a were treated with excess [Cu(CH3CN)4]PF6 
in DCM, only helicates 21a2H and 22a2H were identified by 1H NMR spectroscopy 
without other species observed. In a similar fashion, the mixture of 21b and 22b yielded 
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only 21b2H and 22b2H as indicated by 1H NMR and Fast Atom Bombardment (FAB) 
mass spectroscopy. The mixture of 21b and 23b in 2:1 ratio only affored 2:1 of 21b2H 
and 23b2H with no other mixed-ligand complex observed. Finally, the mixture of 
different oligobipyridine strands 21b (1 mg), 22b (1.5 mg), 23b (2 mg), and 24b (2.5 mg) 
was treated with excess amount of [Cu(CH3CN)4]BF4. The 1H NMR at the very first time 
showed a very complicated pattern indicating a very complex mixture. Lehn group 
claimed that this was duo to the very slow formation of substituted pentahelicate 24b2H 
over several days. The wrapping and unwrapping of the pentahelicates together with the 
steric hindrance from the CONEt2 slowed down the rate of pentahelicate formation. 
Because unsubstituted and substituted ligands gave the corresponding double helicates, it 
was concluded by Lehn group that the oligobipyridine strands proceeded self-recognition 
or self/nonself-discrimination with Cu(I). The substituents effect here reflected that the 
unsubstituted ligands had the highest self-recognition capability. This self-sorting 
phenomenon was further demonstrated in a mixed double/triple helicates formation 
experiment (Scheme 1.5). Having learned from a previous example that the mixture of 
5,5’-disubstituted bipyridine oligomer and Ni(II) would give self-assembly of trinuclear 
triple helicate 253H, Lehn group proposed to mix the two different type of self-assembly 
to examine their interaction. A mixture of 2 equivalents of 22a, 3 equivalents of 25, 3 
equivalents of Cu(I), and 3 equivalents of Ni(II), the precipitation of the resulting 
complexes gave quantitative yield of 22a2H and 253H. These two experiments above 
sufficiently demonstrated the self-sorting of tetrahedral coordination between Cu(I) and 
 15 
6,6’-linked tritopic bipyridine ligand 22a and of the octahedral coordination between 
Ni(II) and 5,5’-linked tri(bipyridine) strand 25.  
 
Scheme 1.5 Self-recognition  in the self-assembly of the double helicate 22a2H and the 
triple helicate 253H from a mixture of the oligobipyridine strands 25 and 22a and of Cu(II)  
and Ni(II) ions (ClO4– anions omitted). 
 
1.3.1.2 Macrocyclization of Esters 
In 1996, Sanders group reported an example of self-sorting of macrocyclic trimer 
from new supramolecular building blocks from the cinchona alkaloids quinine (26a) and 
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cinchonidine (26b).27a Traditionally, covalently bonded organic structures were 
synthesized via kinetically controlled irreversible reactions, which lack the ability to 
proofread and repair the incorrectly formed bonds.27b Cinchona alkaloids were selected as 
the building block because it has been received much attention in the field of asymmetric 
synthesis, i.e. Sharpless dihydroxylation.29 Quinine has a relatively concave shape, and 
the functionalities present at position 9 and 10 make it attractive for macrocycle synthesis 
(Scheme 1.6). Since this cyclization was an transesterification, the hydroxy group at the 9  
 
Scheme 1.6 a). TBDMSCl, Et3N, DMAP, DMF, room temperature; b). 1.5 equiv 
BH3•THF, diglyme, 0 °C, Me3NO, 100 °C; c). Jones reagent, acetone, room temperature; 
d). MeOH, HClconc., room temperature; e). TBAF, THF, room temperature. 
position was used as the alcohol end and the vinyl group at 10 position was modified as 
the ester end. The thermodynamic cyclization was carried out using catalyst (5% 
KOMe/[18]crown-6) in a 5 mM solution of toluene under reflux with azeotropic removal 
of the methanol product (Scheme 1.7). The cyclization gave a single product cyclic trimer 
32a in high yield (90% by NMR and 84% isolated). The reaction was complete after 20 
min and no significant change of products distribution was found in the following 160 
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min. Cyclization of 27b also resulted in the corresponding trimer 32b in an excellent 
yield. In order to demonstrate that the trimer is the single product other than mixtures of 
cyclic oligomers, the linear dimer, trimer, and tetramer were synthesized independently  
 
Scheme 1.7 Reaction condition: KOMe, [18]crown-6, toluene, reflux. 
and were subjected to cyclization under Yamaguchi type kinetic conditions. The linear 
dimer and tetramer both gave the cyclic tetramer whose NMR spectra were indeed 
different from the cyclic trimer. The space-filling model suggested that the cyclic dimer 
was not kinetically accessible. Cyclization of 27a and 27b were also carried out under 
kinetic conditions, which yielded a mixture of cyclic trimer (37%), tetramer (23%), and 
other higher oligomers (40%) identified by NMR.27g These results indicated that although 
cyclic dimer could not be kinetically obtained, other higher cyclic oligomers could be 
formed and the narrow distribution of products under thermodynamic condition was not 
because of the unavailability of other cyclic oligomers. With those results, Sanders group 
proceeded to determine the reversibility of this cyclization. A mixture of trimer 32a and 
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32b was subjected to the same reaction condition in Scheme 1.7 and was examined by 
Electrospray Mass Spectrometry (ESMS) after work up; it was found that all four 
possible trimers were present. This work has shown that the thermodynamic 
transesterification reaction and the new alkaloid derived building block are suitable for 
macrocyclization self-sorting systems.  
In the same year, Sanders group reported another self-sorting of macrocyclization 
using cholate as the building block (Figure 1.4).27b Transesterification again has been  
 
Figure 1.4 Functionalization of cholic acid methyl ester 33 with different substitutions 
before macrocyclization.  
chosen as the thermodynamically-driven reaction for macrocyclization since its 
significance in the field of natural product synthesis30 and supramolecular chemistry.31 
The design of the building block was analogous to the previous example: it was equiped 
with a methyl ester group at one end and a hydroxy group at the other end of the structure. 
There were another characteristic chromophores attached to the position 7 and/or position 
12 in order to facilitate the spectroscopic analysis. The monomer deoxycholate 33a and 
cholates 33b and 33c were synthesized by conventional methods. Cyclic oligomers 34–
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37a–c were also prepared under kinetic conditions and separated by preparative column 
chromatography. Catalyst screening experiment showed 5 mol% of the complex of 
potassium methoxide and dicyclohexyl-18-crown-6 is the best catalytic system.32 The 
cyclization experiments were carried out at 5 mM concentration of cholate monomer in 
toluene under reflux (Scheme 1.8). Since each monomer carried the same chromophore,  
 
Scheme 1.8 Macrocyclization of cholic acid methyl ester under thermodynamic control. 
Cyclization condition: KOMe, Dicyclohexyl-18-crown-6, toluene.  
OMe
O
OH
R2
R1
3
7
12
24
MeOH
Linear 
Intermediates
O
R2
R1 O
R2R1
O
R2
R1
O
R2
R1
O
R2
R1
O
R2
R1
O
R2
R1
O
R2
R1
O
R2
R1
O
R2
R1
O
R2 R1
O
R2
R1
OR2R1
O
R2
R1
33a, b, c
34a
35a, b, c
36a, b, c
37b, c
O
O
O
O
O
O
O
O
O
O
O
O
O
O
 20 
it would be convenient to calculate the product distribution simply by UV analysis of 
HPLC. The result showed that the trimer was the most self-sorted product rather than 
other cyclic oligomers. Cyclic dimer was only obtained when there was substitution at 
position 7. The inclination toward trimer of 33c is less stronger than 33b was caused by 
the larger substitution pointing into the cavity from the former. Sanders group continued 
their work on the demonstration of the thermodynamic and reversible nature of this 
cyclization. All pure cyclic oligomers were then subjected to the reaction conditions; 
interestingly, the same products ratio were obtained no matter which cyclic oligomeric 
starting material was utilized. The theory of thermodynamic cyclizations have been 
established for two extreme cases: (1) The equation first derived by Jacobson and 
Stockmeyer and later furthered developed by Mandolini et al.33 assumed that if material 
is completely strain free with unrestricted rotations, the concentration of larger-size rings 
is exponentially decaying; (2) If the building block is rigid with fixed internal angles such 
as Stang’s squares34 or Ogura’s hosts,35 cyclization would give essentially one structure-
directed product with negligible amounts of any other products. In Sanders 
transesterification-type cyclization, the phenomenon arose from cyclocholates was an 
intermediate case.  
The two examples discussed above showed us two important building blocks 
quinine derivatives and cholate derivatives were applied in supramolecular chemistry for 
macrocyclizations under thermodynamic control. Only one macrocycle was preferred in 
both cases, which indicated that self-sorting process happened before the DCL reached its 
equilibrium. The less stable cyclic oligomers continuously interacted with each other and 
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sacrificed themselves to generate more of the most stable cyclic oligomer until the whole 
system reached the thermodynamic minimum. The next section will highlight Nitschke’s 
self-sorting examples of copper-diimine complexes using coordination chemistry method.  
 
1.3.1.3 Self-Sorting of Copper-Imine Complexes 
In 2008, Nitschke group reported copper-imine complex self-sorting systems 
using tetrakis(acetonitrile)copper(I) tetrafluoroborate, 8-quinolinamine (38), 4-
methylaniline (39), 2-pyridinecarboxaldehyde (40), 1,10-phenanthroline-2,9-
dicarbaldehyde (41), and 2,6-pyridinedicarboxaldehyde (42) as building blocks.28a The 
initial inspiration for this research was derived from mimicking living organisms, whose 
biomolecular machinery is able to create a highly complex set of functional structures 
form a relatively limited set of basic building blocks. A high degree of 
compartmentalization happens in the living systems in the process of assembly: although 
the subcomponents generated from the DCL participate in a wide range of structures 
formation and interactions that connected them reversibly, biological system has evolved 
not to interfere with each others’ assembly. This compartmentalization often time is 
physical, i.e. two systems are spatially separated by a membrane. However, in 
prokaryotic systems, this physical compartmentalization is not available so that the 
system must be dependent on self-sorting to arrange each chemicals’ accommodation to 
avoid the malfunction of the single cell.14e Nitschke group’s copper-imine complex 
 22 
system was targeted to describe a self-sorting system in which basic rules that governed 
the product compartmentalization were discussed. As shown in Scheme 1.9, the reaction  
 
Scheme 1.9 The Cu(I)-templated formation of structures 43–46 from amines 38 and 39 
together with aldehydes 40, 41, and 42. 
of amines 38 and 39 with aldehydes 40, 41, and 42 produced a DCL of imines in 
equilibrium with starting materials and half-formed imines in MeCN/DMSO. After the 
addition of CuBF4, the system resulted in the clean formation of a mixture of structures 
43,36  44,37  45,38  and 4639 that were identified by NMR spectroscopy and ESI-MS. 
Complexes 43–46 could also be prepared independently from the constituent 
subcomponents and Cu(I). It is easy to imagine that there might be more product 
possibilities from the different subcomponents combinations with Cu(I), but many of 
them were eliminated during the equilibrium40 as a consequence of copper’s templating 
effect.41 This selectivity phenomenon was explained by the Nitschke group as a rule of 
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valence satisfaction:39 the smallest possible structures will be formed in which all Cu(I) 
ions are tetracoordinate and all nitrogen atoms are bound to a Cu(I) ion. Di- or 
trinuclear helicate products would be formed from dialdehydes 40 and 41 since imine 
ligands derived from these components are poorly configured to chelate a single Cu(I) 
ion pseudotetrahedrally.39 Although existing in a very small amout (calculated 1%), 
complex formed from mixed ligand was occuring, i.e., the product incorporating one 
ligand from each of 44 and 45. This product was not detectable by NMR spectroscopy, 
but was identifiable from ESI-MS. It was also alleged that this rule could be used to 
predict the outcome of self-sorting reactions from subcomponent systems in Scheme 1.10. 
Nitschke group also tried to applied the derived rule to a simpler DCL in Scheme 1.10. In  
 
Scheme 1.10 Compounds 39, 40, and 41 might only be used to construct the precursors 
of 43 and 44.  
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the presence of one amine 39 and two aldehydes 40 and 41, the system only allowed two 
imines to be formed which only led to the formation of complexes 43 and 44. A more 
complex system was generated from two amines 38 and 39 and two aldehydes 40 and 41 
in Scheme 1.11. When the stoichiometry of 38, 39, 40, 41 equals to 2:4:2:2, the system  
 
Scheme 1.11 Compounds 43, 44, and 45 are all individually allowed, but only 43 and 45 
are observed in this system for the given stoichiometry. 
only allowed the formation of complex 43 and 45, which excluded the formation of 44. 
Since both dialdehyde 41 and aniline 39 were present in the system, it apparently 
permitted the evolution of complex 44. The removal of 41 and 39 from the system would 
leave 40 and 38 to form complex 47, which was disobeying the rule that led to the 
suppression of complex 44. So, only complex 43 and 45 could only be observed. Based 
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upon these two examples, it was concluded that the prediction of outcomes are not only 
dependent on the stability of individual products; the valence satisfaction rule should be 
applied to the system as a whole, i.e. all product structures must collectively obey the rule.  
 
1.3.2 Kinetic Control of Self-Sorting 
1.3.2.1 Dynamic Chiral Resolution of Esters 
Compared to thermodynamic self-sorting, self-sorting under kinetic control has 
received less attention so far since it required the system to add a “kinetic stop” to 
regulate its equilibration, to which more accurate controls needs to be applied.25b The 
concept of combining DCC with kinetically controlled reactivity has plenty of advantages: 
(1) irreversible reactions allows the generation of stable and isolable products; (2) allows 
the isolation of thermodynamically not the most stable product from DCLs; (3) chemical 
systems under both thermodynamic and kinetic control may give better illustration to 
living systems. In this section, examples representing the application of both 
thermodynamic and kinetic control will be reviewed.  
In 2007, Ramström group reported their kinetically controlled self-sorting 
experiment using nitroaldol (Henry) reaction and lipase-mediated acylation.42 Nitroaldol 
reaction was the first time been applied to generate a DCL.42a It was alleged by 
Ramström group that new reaction types were needed for the rapid generation and 
screening of sufficiently stable DCLs. With the exception of the robust alkene metathesis 
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reaction, C−C bond formation has only been explored in a few cases.43 Because of the 
significance of C−C bond formation in synthetic organic chemistry, the use of reversible 
C−C bond formation reaction for DCL generation and the later kinetic trapping may help 
to develop new dynamic combinatorial systems and achieve discovery of new 
compounds.  
Ramström group first optimized the nitroaldol reaction in order to fit its use in the 
dynamic combinatorial resolution (DCR) process. Screening of bases was initially carried 
out to find suitable conditions for DCL generation. Firstly, the reactions were carried out 
in the presence of 1 equivalent each of the nitroalkane, the aldehyde, and the base; 
reactions were monitored by 1H NMR spectroscopy by comparing the signals of the 
aldehydes with those of the nitroaldol adducts. Triethylamine was found to be the optimal 
base to the system to achieve the stable equilibration and the compatibility to the 
following enzymatic catalysis step. Secondly, the DCL was established in Scheme 1.12;  
 
Scheme 1.12 Generation of a dynamic nitroaldol library and lipase-mediated asymmetric 
resolution. 
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equimolar amounts of 48–52 were treated with 1 equivalent of 53 to generated a DCL 
containing ten nitroaldol adducts. Because of the slightly different molar ratio of the 
aldehydes to the nitroalkane (5:1) in this Henry reaction, the quantity of base used was 
increased to 10 equivalent to have a reasonable equilibration. Within hours, the system 
reached to the equilibrium to attain 10 nitroaldol adducts, which were characterized by 1H 
NMR spectroscopy. In order to solve the enantiomeric purity issue of the whole system, 
Ramström group tried to use lipase44 to conduct this DCR. It was also claimed by them 
that the lipase-catalyzed transesterification of β-nitroalcohol substrates has not been 
reported. After the initial lipase and acyl donor screening, the lipase PS-C I from 
Pseudomonas cepacia and p-chlorophenyl acetate were selected to be the optimal catalyst 
and acyl donor in this DCR system. The lipase PS-C I and p-chlorophenyl acetate (5 
equivalent) were added together to the nitroaldol library at 40 °C without stirring. The 
transesterification process was characterized by 1H NMR spectroscopy, which only gave 
two resolved products. It was found out that the major product was from the aldehyde 50 
and 2-nitropropane 53 adduct, which was among the lowest concentration in the DCL 
before this transformation. Except for the (R)-54 adduct formation; a minor amount of 
ester (R)-55 was also formed in the reaction. Those two products were obtained in a 
combined overall yield of 24% after 24 hours. A better yield 80% could be acquired ((R)-
54 adduct: 52%, (R)-55 adduct: 33%) after 14 days; the reaction proceeded to completion 
(95% yield) after 20 days. It was concluded that nitroaldol (Henry) reaction was 
identified as a new and efficient reaction for DCL generation. Furthermore, it was 
demonstrated that the DCL under thermodynamic control could be coupled to an 
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enzymatic DCR process, which would resolve an enantiomerically complex DCL to only 
two products. The lipase PS-C I from Pseudomonas cepacia was also found to be a 
suitable transesterification catalyst to the 2-nitroalcohol and p-chlorophenyl acetate 
system.  
 
1.3.2.2 Oxidative Self-Sorting of Imines 
Miljanić group also developed self-sorting systems under kinetic control. In 2011, 
we presented a kinetic self-sorting of an imine DCL that occurred during a slow 
irreversible oxidation.45 This work was carried out based on the theoretical derivation 
from the well-known Curtin–Hammett principle. 46  They first conducted simple 
experiment to prove the hypothesis, namely that a quickly equilibrating mixture will 
spontaneously simplify (self-sort) if its components react at very different rates in a slow 
irreversible reaction. The oxidative cyclization of aldimines derived from o-hydroxy- 
and o-aminoaniline to benzoxazoles and benzimidazoles were chosen as the tool in their 
research (Scheme 1.13).47 This oxidative cyclization was selected for the following 
reasons: (1) the aldimines are generated reversibly as an intermediate; (2) the oxidation 
step is irreversible; (3) the rate of oxidation step could be modified by substitution of 
substrates.  For example, the reaction between diaminobenzene (56) and benzaldehyde 
(58) gave imine (59) as an intermediate, which was oxidized in situ upon the addition of 
I2 to give benzimidazole 61 in 90% yield. It occurred analogously to 2-aminophenol (57) 
to give benzoxazole 62 in 86% yield without the need to isolate imine 60 (Scheme 1.13,  
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Scheme 1.13 Synthesis of benzazoles by oxidative cyclization of directly (Route A) and 
indirectly (Route B) prepared imines.  
Route A). With the determination of successful oxidative cyclization without isolation of 
the imine intermediates, Miljanić group moved onto a basic self-sorting system (Scheme 
1.13, Route B). Aniline 56 and 57 were treated with imine 63 to generate a DCL 
containing 56, 59, 63, and benzylamine, which were determined by 1H NMR 
spectroscopy. Later, I2 was added to initiate the oxidative cyclization. While 59 was 
dissipated, 56 and 63 would react further to compensate its loss until all 56 was used up. 
Eventually, the obtained products included benzylamine and 61 (90% yield). In 
conclusion, both amines 56 and 57 can produce oxidizable imines (Route A) and extract 
benzaldehyde out of its nonoxidizable imine 63 (Route B). Both route A and route B gave 
high yield of benzazoles 61 and 62 independent of direct or indirect oxidation.  
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After these successful prototype reaction, they continued to construct a [2×2] 
system using amines 56 and 57 and aldehydes 64 and 65 as the starting materials 
(Scheme 1.14). As expected, all four imines were formed and could be identified by 1H 
NMR spectroscopy. The oxidation was initiated by the slow addition of I2, which 
oxidized the most electron rich imine 67 the first, to give benzimidazole 70. This  
 
Scheme 1.14 Oxidative self-sorting of a [2×2] mixture of imines. 
irreversible oxidation temporarily broke the equilibrium of the system, so that the 
remaining three imines 66, 68, and 69 reequilibrated to produce more of 67. Ultimately, 
the [2×2] system resulted in a mixture of 70 (82%) and the most electron poor imine 68, 
which could be oxidized under reflux after long and exposure to I2 to give 76% of 
benzoxazole 71. This [2×2] experiment indeed showed a self-sorting scenario during the 
oxidation process; the only two products are derived from the most electron-rich and the 
NH2
NH2
OH
NH2
NO2
OMe
O
O
NH2
N
NO2
NH2
N
OMe
OMe
OH
N
NO2
OH
N
OMe
OMe
N
H
N
OMe
MeO
I2 / PhMe
65 °C / 12 h
56
57
66
65
OMe
68
I2 / PhMe / reflux / 36 h
N
O
NO2
70, 82%71, 76%
67
68 69
64
 31 
most electron-poor imines. The success of the [2×2] system encouraged an approach to a 
more complex [3×3] self-sorting system (Scheme 1.15). Three amines 56, 57, 72, and  
 
Scheme 1.15 Oxidative self-sorting of a [3×3] mixture of imines. 
three aldehydes 64, 65, 73 were combined together to give a DCL containing all nine 
possible imines from which six of them generated from 56 and 57 are oxidizable by I2. 
Understandably, the first equivalent of I2 addition oxidized the most electron rich imine 
67 to benzimidazole 70. The second stage oxidation required higher temperature and 
prolonged time to afford benzoxazole 79. Finally, the most electron deficient and non-
oxidizable imine 76 was left in the system as the residue. Three major products gave 
yields 88%, 76%, and 65% respectively after the workup. In conclusion, Miljanić group 
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has demonstrated a very unique example of self-sorting during the oxidative cyclization. 
This self-sorting process was kinetically driven while it was thermodynamically enabled 
since the sorted product was not dependent on the stability of individuals from the DCL 
but solely relied on their reactivity toward oxidation process. In the next section, more 
examples using imines to generate DCLs but under different type of kinetic control will 
be discussed.  
 
1.3.2.3 Distillative Self-Sorting of Imines 
Reactive distillation (RD) is a protocol ubiquitous in chemical industry, wherein a 
chemical reactor is combined with a distillation still. The commercial success of RD was 
expanded because of the enormous demand for methyl tert-butyl ether and high purity 
methyl acetate. Eastman Kodak is one of the pioneers in improving the process of 
compacting the chemical plant into a single RD for high purity methyl acetate production. 
This process demonstrated its ability to render cost-effectiveness and compactness to the 
chemical plant, and has been explored to expand to several other chemical reactions such 
as hydration, alkylation, acetalization, and hydrogenation.  
Imines are formed reversibly with an aldehyde and an amine. Multiple imines can 
readily exchange their aldehyde and amine constituents in a solution. In this equilibrating 
mixture, each imine has their own individual boiling point and one of them has the lowest 
boiling point. If that imine could be removed from the mixture by distillation, the 
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equilibrium would be disabled and the system has to reequilibrate to make more of the 
lightest imine until its complete elimination. This is claimed originally by the Le 
Châtelier principle. In this scenario, the distilled imines could be produced in excellent 
yield and the complexity of the DCL could be reduced at the same time. Provided that 
this process is repeated, multiple chemicals could be produced using a single distillation 
setup.  
In the first experiment, Miljanić group set up a [2×2] system in Scheme 1.16.48 
Two aldehydes 58 and 80 and two amines 81 and 72 were subjected under dehydrative 
condition to give four imines 82, 83, 84, and 85. The most volatile imine among the four  
 
Scheme 1.16 Simplification of a [2×2] mixture of imines during the course of a vacuum 
distillation. 
was 82 and the least volatile imine was 85. The mixture was then subjected under 
vacuum distillation (90–115 °C, 0.10 mmHg) to remove imine 82 selectively. During the 
vacuum distillation, 83 and 84 started to equilibrate to make more of 82 and 85 as a 
response to the loss of 82 from the system. Eventually, imines 82 and 85 were isolated as 
the distillate and residue, respectively, in very high yield and purity (98 and 99%). The 
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success of [2×2] experiment promoted them to a more complex [3×3] system (Scheme 
1.17). A DCL containing nine imines was established from aldehydes 58, 80, and 86 and 
amines 81, 72, and 87, among which imine 82 had the lowest boiling point. The 
preliminary vacuum distillation (100–120 °C, 0.10 mmHg) started to remove 82 from the 
system and triggered equilibration to generate additional amount of imines 82, 85, 89, 91, 
and 92 from imines 83, 88, 84, and 90. Once 82 has been distilled as the first distillate  
 
Scheme 1.17 Simplification of a [3×3] mixture of imines during the course of a vacuum 
distillation. 
(yield 90%), the [3×3] system was reduced to a simpler [2×2] system involving 85, 89, 
91, and 92. The next step vacuum distillation (150 °C, 0.10 mmHg) continued to bring 
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down the complexity of the system to give 85 (94% yield) as the second distillate and 92 
(99% yield) as the residue. In the following experiment, Miljanić group also effectively 
accomplished reactive distillation of [4×4] and [5×5] system. It was concluded that this 
distillative protocol might have their industrial relevance in reactive distillation of other 
chemical systems.  
 
1.4 Conclusion 
This chapter briefly introduced the phenomenon of self-sorting from early 
examples of Isaacs and Weck’s group and compared thermodynamically controlled with 
kinetically controlled self-sortings from Lehn, Sanders, Nitschike, Ramström, and 
Miljanić group’s work. DCC has manifested itself as a promising and powerful tool for 
generating and exploring novel chemical systems. DCLs, as complex molecule mixtures, 
have provided chances for us to learn emergent properties of existing and new chemistry 
systems and would be used as a platform to solve potential industrial problems in terms 
of capital saving, purification integration, and new compound discovery. Chapter 2 
discusses self-sorting based on ester reactive distillation and its potential future 
application in chemical industry. Chapter 3 shows how to use ester scent chemicals and 
distillation technique to teach students about transesterification in a unique way. Chapter 
4 details the discovery of two macrocycle molecules, which we name cyclotribenzoin and 
cyclotetrabenzoin using benzoin condensation.  
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Chapter Two Iterative Ester Reactive Distillation: Experimental Design and 
Characterization1 
 
2.1 Introduction 
Living organisms have achieved an exquisite level of spatiotemporal control of 
synthetic chemistry. Within the highly complex chemical mixtures present in a typical 
cell, hundreds of simultaneous reactions occur without interference, creating dozens of 
products with absolute chemo-, regio-, and stereoselectivity. Replicating this synthetic 
prowess in unnatural systems would yield insights of relevance to prebiotic chemistry,2 
allow expedient discovery of new reactions, and possibly dramatically reduce 
construction and energy costs in the chemical industry, since multiple value-added 
chemicals could be concurrently produced in a single reactor.  
In an effort to achieve analogous selective synthesis starting from “messy” 
precursor mixtures, our group has been studying how dynamic combinatorial libraries 
(DCLs),3 complex equilibrating mixtures of structurally related compounds, simplify in 
response to external stimuli. We developed kinetic self-sorting4 protocols in which 
selective and irreversible distillation,5 oxidation,6 or precipitation7 of imine-based DCLs 
reduces these mixtures in complexity from n2 components into n products that can be 
isolated in high yields and purities. In this chapter, we derive general rules that guide 
these and other self-sorting processes in mixtures with an arbitrary number of 
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components, present in any arbitrary stoichiometry. We then proceed to apply these rules 
to distillative self-sorting of dynamic ester libraries8 and demonstrate that as many as four 
pure and industrially relevant esters can be produced in a single reaction setup.  
Esters were chosen as substrates because of their numerous uses as solvents, 
lubricants, fuels, fragrances, and food additives. Smaller esters are industrially produced 
through transesterification reactions, which are usually characterized by equilibrium 
constants close to unity. This fundamental obstacle in their preparation is overcome by 
the use of reactive distillation (RD) processes, in which the chemical reactor doubles as a 
distillation setup.9 In these methods, the volatile component, either an ester or water, is 
continually removed from the reactor via controlled distillation until the equilibrium 
completely shifts in the direction of the product and the starting materials are fully 
consumed.10  In eliminating the separate distillation step, RD yielded some of the 
chemical industry’s most significant savings in energy, construction, and material costs 
during the past three decades. Several esters are industrially produced through RD-based 
transesterifications,11 and RD is attracting attention in the production of biodiesel through 
transesterification of fatty acids.12 Despite this significant progress and huge practical 
relevance, virtually all RD-based transesterifications generate just a single value-added 
ester as the product.13 
We hypothesized that in the presence of a suitable acyl exchange catalyst, a 
multicomponent ester DCL could be used as a platform for an RD process that could 
generate multiple esters as pure products. Let us consider a general case of an ester 
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library formally constructed by random esterification of n carboxylic acids (labeled as A, 
B, C, D, .., in order of decreasing volatility) with m alcohols (labeled as 1, 2, 3, 4, ..., in 
order of decreasing volatility). The amounts of individual acids and alcohols may vary 
(and thus the resulting esters may be present in any ratio), but we set a limiting condition 
that the total number of moles of acids and alcohols is identical, so that the final mixture 
includes only esters and none of the unreacted carboxylic acids or alcohols.  
Distillation of this mixture will isolate the most volatile ester A1, formed from the 
most volatile acid and the most volatile alcohol,14 as the first fraction. As A1 is being 
removed from the library, equilibrium will shift so as to replenish it, until the mixture 
runs out of either A or 1 (or both). In the next step, two scenarios are possible. If A and 1 
were exhausted simultaneously, then the next compound to distill out will be B2, 
consuming in the process all other esters that contain either carboxylic acid B or alcohol 
2. However, if there was some of, for example, A left over in the mixture, then it will 
combine with the next most volatile alcohol 2, to yield A2 as the second fraction, and this 
process will continue until the mixture runs out of either A or 2. Within the [n×m] matrix 
of compounds, distillation expresses the most volatile ester until one (or both) of its 
constituents are depleted, then moves to the next most volatile compound until its 
components are depleted and so on. Thus, a series of limiting reagent calculations allows 
the prediction of the distillation products and their amounts based on the composition of 
the starting library. We have developed a Microsoft Excel algorithm that automates these 
predictions for libraries with up to [11×11] members.15 Table 2.1 illustrates three typical 
examples. In the first case (top), a hypothetical [4×4] mixture is constructed by 
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combining equimolar amounts of four acids and four alcohols. Here, 4 equivalent each of 
A1, B2, C3, and D4 are expected as products, because the balanced stoichiometry leaves 
no volatile alcohol or acid at the end of each step. Only the four diagonal members of the  
Table 2.1 Calculated compositions of three ester libraries before and after iterative 
reactive distillation: an equimolar [4×4] library (top), an equimolar [3×5] library (middle), 
and a non-equimolar [4×4] library (bottom and numbers in the table indicate the 
stoichiometry of esters).  
 
 [4×4] matrix are expressed. In the second case (middle), five carboxylic acids are 
combined with three alcohols to produce equimolar amounts of 15 esters. In this [3×5] 
matrix, the distillation “zig-zags”, producing first 3 equivalent of A1  (before it runs out 
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of A), then 2 equivalent of B1  (before it runs out of 1), then 1 equivalent of B2  (when it 
runs out of B), and so on. While the simplification in this case is not great, since a 15-
member library reduces into seven final compounds, the isolated “pseudodiagonal” 
members are still symmetrically positioned within the matrix. The final case (bottom) 
examines a nonstoichiometric [4×4] library that contains 9 equiv of compound A4 and 1 
equivalent of each of the other compounds. In this case, distillation isolates 4 equivalent 
each of compounds A1−A3 and B4−D4 (and, interestingly, no A4), meaning that excess 
of one DCL member “pulls” the normal diagonal distribution toward that component. 
Guided by this theoretical insight, we proceeded to demonstrate ester self-sorting 
in practice. We analyzed the behavior of various mixtures of the esters presented in Table 
2.2 during reactive distillation.  
Table 2.2 Compound codes for esters examined in this study. 
 
 
 C2H5 n-C4H9 PhCH2 n-C8H17 n-C16H33 
CH3 93 94 95 96 97 
n-C3H7 98 99 100 101 102 
Ph 103 104 105 –– –– 
n-C7H15 106 107 –– 108 109 
n-C15H31 110 111 –– 112 113 
 
R1 O
R2
O
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2.2 Results and Discussion 
In our first experiment (Scheme 2.1a), we utilized NaOt-Bu as the acyl exchange 
catalyst, previously reported by Gagné et al.16 An equimolar mixture17 of ethyl acetate 
(93, Scheme 2.1a), benzyl acetate (95), ethyl benzoate (103), and benzyl benzoate (105) 
was exposed to a catalytic amount of 1 M solution of NaOt-Bu in THF and then subjected 
to distillation in vacuo (2.50 mmHg) at 50 °C. After 2 h, the distillate was found to be 
pure 93, which was formed in 83% yield as quantified by 1H NMR spectroscopy. 
Distillation residue contained ester 105 in 95% yield, and small amounts of the crossover 
esters 95 (5%) and 103 (4%). A similar experiment was successfully performed (Scheme 
2.1b) with ethyl butyrate (98), butyl butyrate (99), 103, and 105. Again, the most volatile 
(98, 80%) and the least volatile (105, 87%) esters were isolated in high yields with small 
amounts of the esters of intermediate volatility (see Experimental Section for details). 
The NaOt-Bu catalyst proved non-optimal in our attempts to perform distillative 
self-sorting of less volatile esters, for example, in protocols where benzyl or octyl esters 
were designed to be the more volatile components. Two potential explanations can be 
offered for this behavior. During the course of ester exchange, t-butyl esters are formed 
as intermediates; these esters are more volatile than, for example, octyl esters of the same 
acids and can thus be removed through distillation instead of the expected product. The 
stoichiometry of the alcohol and acid partners would thus be disturbed and lower purity 
of the resultant products would be expected, although not dramatically, as t-butoxide was 
used in catalytic amounts. The more significant obstacle was logistical: after the t-butyl 
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esters were distilled, the effective role of the catalyst was turned over to a higher alkoxide, 
and these species were either insoluble or acted as gelling agents. In such a scenario, 
distillations essentially shut down, and more forcing conditions caused significant 
decomposition of ester libraries.18 
 
Scheme 2.1 Self-sorting of dynamic [2×2] ester libraries during reactive distillation (all 
of the starting esters were mixed in equimolar amounts).  
(a)
93 95
103 105
93
105
83%
95%
NaOt-Bu / THF
2.5 mmHg / 50 °C / 2 h
(b)
98 100
103 105
98
105
80%
87%
NaOt-Bu / THF
2.5 mmHg / 50 °C / 3 h
(c)
93 94
98 99
93
99
87%
97%
Ti(OBu)4
120–155 °C / 48 h
(d)
93 96
106 108
93
108
88%
88%
Ti(OBu)4
2.5 mmHg / 95 °C / 7 h
(e)
99 101
107 108
99
108
94%
88%
Ti(OBu)4
6.3 mmHg / 140–170 °C / 8 h
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Forced to switch the acyl exchange catalyst, we turned to Ti(OBu)4,19 which was 
also reported to equilibrate esters in the absence of water or alcohols. With this new 
catalyst, a four-ester mixture 93–99 could be self-sorted (Scheme 2.1c) during a 
distillation at atmospheric pressure into 93 (87%) and 99 (97%).20 Two subsequent 
experiments (Scheme 1d, e) successfully sorted [2×2] ester libraries that contained less 
volatile ester components, thus critically demonstrating the superiority of Ti(OBu)4 over 
NaOt-Bu, since the latter catalyst proved ineffective in these reactions because of gel 
formation.  
 
Scheme 2.2 Self-sorting of dynamic [3×3] ester libraries during reactive distillation. 
(a)
93 94
98 99
93 77%
NaOt-Bu / THF
2.5 mmHg 
50 °C / 10 h
103 104
95
100
105 99 100
104 105
99
105
64%
80%
NaOt-Bu / THF
2.5 mmHg / 50 °C / 10 h
(b)
93 94
98 99
93 88%
Ti(OBu)4
160–210 °C / 14 h
106 107
96
101
108 99 101
107 108
99
108
92%
93%
6.3 mmHg / 96–165 °C / 20 h
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The success of the [2×2] self-sorting experiments suggested that more complex 
mixtures could be similarly resolved. We next attempted distillative self-sorting of a 
nine-ester library 93–105 (Scheme 2.2a) in the presence of NaOt-Bu. Upon vacuum 
distillation, ethyl acetate (93) was isolated as the first fraction in 77% yield; continued 
distillation resulted in the production of 99 as the second distillate (64%), leaving 105 as 
the distillation residue (80%). Moderate yields of the three products, as well as the 
previously noticed gelation problems associated with the use of NaOt-Bu with less 
volatile esters, suggested that an alternative catalyst might perform better. Indeed, the use 
of Ti(OBu)4 on a [3×3] ester library composed of 93, 94, 96, 98, 99, 101, 106, 107, and 
108 resulted in a rapidly equilibrating library, which upon two distillation steps yielded 
first 93 (88%) and then 99 (92%), leaving 108 (93%) as the distillation residue (Scheme 
2.2b). 
Our most complex experiment targeted a mixture of 16 esters shown in Scheme 
2.3, top right. Upon subjection of this library to titanium catalysis and distillation at 
atmospheric pressure for 72 h, ethyl acetate (93) was isolated as the first product in 87% 
yield. At that point, all other acetates (94, 96, and 97) and all other ethyl esters (98, 106, 
and 110) were also removed from the mixture, because they shared either the acid or the 
alcohol component with 93. The second stage of this distillation required the use of a 
mild vacuum (6.3 mmHg) and an additional portion of the catalyst; after 45 h, this 
protocol yielded the second pure fraction consisting of 99, which was isolated in 88% 
yield. The final [2×2] library composed of 108–113 was subjected to distillation in high 
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vacuum (0.1 mmHg), producing 108 (70%) as the distillate and 113 (85%) as the 
distillation residue. 
 
Scheme 2.3 Self-sorting of dynamic [4×4] ester libraries during reactive distillation. 
As mentioned previously, the applicability of these iterative self-sorting 
distillative protocols is not limited to just [n×n] mixtures, nor to strictly equimolar 
component compositions. To demonstrate this, we constructed a [2×3] mixture shown in 
Scheme 2.4, in which one component (103) was added in 2-fold excess relative to all 
other ester species, which were otherwise equimolar.21 Upon distillation of such a library, 
93 is formed as the expected first product. Its isolated amount is close to twice the molar 
93 94
98 99
106 107
96
101
108
110 111 112
97
102
109
113
99 101
107 108
111 112
102
109
113
108 109
112 113
108
113
92%
93%
Ti(OBu)4
0.1 mmHg / 200–240 °C / 36 h
Ti(OBu)4
170–240 °C / 72 h
93
87%
Ti(OBu)4
6.3 mmHg
140–200 °C / 45 h
99  88%
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amount of 93 originally added to the mixture; the second equivalent of 93 comes from the 
extraction of all acetate (1 equivalent from 95) and the equimolar amount of ethyl esters 
(1 equivalent from either 98 or 103). Once the distillation of 93 is complete, the next 
most volatile fraction is 98, which extracts the remaining ethyl esters (1 equivalent from 
103) and butanoates (1 equivalent from 100). Left over is approximately 3 equivalent of 
105, which is commensurate to the original amounts of benzoate (2 equivalent in 103 and 
1 equivalent in 105) and benzyl esters (1 equivalent each in 95, 100, and 105) in the 
starting library. 
 
Scheme 2.4 Self-sorting of dynamic [2×3] ester libraries during reactive distillation. 
 
2.3 Conclusions and Outlook 
In conclusion, we have prepared nine distillative self-sorting experiments to show 
ester self-sorting protocol may have potential applications for multiple ester productions 
93
98
93 77%
NaOt-Bu / THF
2.5 mmHg 
50 °C / 5 h103
95
100
105 98 100
103 105
98
105
92%
93%
NaOt-Bu / THF
2.5 mmHg / 50 °C / 8 h
1 equiv. 1 equiv.
1 equiv. 1 equiv.
2 equiv. 1 equiv.
of 2 equiv.
1 equiv. 1 equiv.
1 equiv. 2 equiv.*
of 2 equiv.
of 3 equiv.
 56 
in chemical industrial using reactive distillation. We also first applied Ti(OBu)4 to ester 
DCLs and demonstrated its capability in ester metathesis. Our ester self-sorting protocol 
could be employed not only for symmetric [n×n] systems, but also unsymmetric [n×m] 
systems. By varying the stoichiometry of each component in the library, certain products, 
not necessarily from the diagonal position, could be expressed. There are also new 
challenges remain associated with this ester distillative self-sorting such as new catalyst 
development to catalyze both esterification and ester metathesis at the same time, 
practical expansion of the substrate dimension, and catalyst tolerance for a broaden 
substrates such as phenyl and geranyl esters. We also wish to expand this protocol to 
different chemical reactions, which are currently using reactive distillation for production 
such as etherification, alkylation, alkene metathesis, and alkyne metathesis. Also of 
interest would be simplification of complicated—but very abundant—natural mixtures 
such as hydrolyzed lignin or biodiesel, as such simplification could lead to new and 
simplified routes to new fuels and value-added chemicals.  
 
2.4 Experimental Section 
2.4.1 General Methods 
All reactions were performed under nitrogen atmosphere in oven-dried glassware. 
All reagents and solvents were purchased from commercial suppliers and used without 
further purification, with the exception of esters 98–100, 104, and 105, which were 
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prepared as described below. NMR spectra were obtained on JEOL ECA-500 
spectrometer, with working frequency of 500 MHz for 1H nuclei and 125 MHz for 13C 
nuclei. 1H NMR chemical shifts are reported in ppm units relative to the residual signal of 
the solvent (CDCl3: 7.25 ppm). All NMR spectra were recorded at 25°C, and 13C NMR 
spectra were recorded with simultaneous decoupling of 1H nuclei. Compound 1,3,5-
trimethoxybenzene (Alfa Aesar, 99%) was utilized as the internal standard for the 
calculations of yields of different esters on the basis of integration of 1H NMR spectra of 
distillates and distillation residues.  
Gas chromatography was performed using GC-2010 Shimadzu gas 
chromatograph. The temperature program that was used for all characterizations started 
with (1) constant temperature of 50 °C for 1 min, followed by (2) monotonous 
temperature ramping from 50 °C to 270 °C within 4 min, and finally (3) constant 
temperature of 270 °C for 10 min. Dodecane (Alfa Aesar, 99%) was utilized as an 
internal standard for the calculation of yields based on the integration of gas 
chromatograms.  
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Figure 2.1 General setups used for the ester self-sorting reactions 
 
2.4.2 Synthesis of Ester Starting Materials 
Ethyl Butyrate (98) 
 
Butyric acid (4.45 g, 4.50 mL, 50.0 mmol), p-toluenesulfonic acid (0.50 g, 2.50 
mmol), and EtOH (4.65 g, 6.0 mL, 100 mmol) were placed in a round bottom flask (50 
mL). The flask was fitted with a reflux condenser and a Dean-Stark trap with filled with 
activated 4 Å molecular sieves. The mixture was set to reflux under nitrogen atmosphere. 
After 12 h, the reaction mixture was diluted with pentane and washed with H2O (3 × 50 
OH
O
HO
p-TsOH
reflux / 12 h
O
O
98
92%
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mL). Removal of pentane by fractional distillation gave ester 98 (5.37 g, 92%) as a 
colorless liquid. 
98: 1H NMR (CDCl3): 4.13 (q, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.4 Hz, 2H), 1.65 
(sextet, 3J=7.4 Hz, 2H), 1.26 (t, 3J=6.8 Hz, 3H), 0.96 (t, 3J=7.4 Hz, 3H) ppm. 13C NMR 
(CDCl3): 173.61, 60.13, 36.32, 18.57, 14.32, 13.70 ppm. Spectral data agree with a 
previous literature report.22 
Butyl Butyrate (99)  
 
Butyric acid (4.45 g, 4.50 mL, 50.0 mmol) and 1-butanol (3.74 g, 4.60 mL, 50.0 
mmol) were mixed with p-toluenesulfonic acid (0.50 g, 2.50 mmol) and PhMe (15 mL) in 
a 50 mL round bottom flask. A reflux condenser and a Dean-Stark trap filled with 4 Å 
molecular sieves were attached to the reaction flask and the mixture was heated at reflux 
for 12 h. After that time, the mixture was diluted with Et2O (50 mL), and washed with 
saturated aqueous solutions of NaHCO3. The aqueous phase was extracted with an 
additional amount of Et2O. After washing with brine three times, the ethereal solution 
was dried over anhydrous MgSO4. The solvent was removed in vacuo to give 99 (6.71 g, 
93%) as a colorless liquid.  
99: 1H NMR (CDCl3): 4.07 (t, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.5 Hz, 2H), 1.69–1.40 
(m, 6H) 0.9 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 173.77, 64.06, 36.26, 30.74, 
19.17, 18.50, 13.70, 13.66 ppm. Spectral data agree with a previous literature report.23 
OH
O
HO
p-TsOH / PhMe
reflux / 12 h
O
O
99
93%
 60 
Butyl Benzoate (104) 
 
Benzoic acid (6.17 g, 50.0 mmol) and 1-butanol (3.74 g, 4.60 mL, 50.0 mmol) 
were mixed with p-toluenesulfonic acid (0.50 g, 2.50 mmol) and PhMe (15 mL) in a 50 
mL round bottom flask. A reflux condenser and a Dean-Stark trap filled with 4 Å 
molecular sieves were attached to the reaction flask and the mixture was heated at reflux 
for 12 h. After that time, the mixture was diluted with Et2O (50 mL), and washed with 
saturated aqueous solution of NaHCO3. The aqueous phase was extracted with an 
additional amount of Et2O. After washing with brine three times, the ethereal solution 
was dried over anhydrous MgSO4. The solvent was removed in vacuo to give 104 (8.0 g, 
90%) as a colorless liquid.  
104: 1H NMR (CDCl3): 8.06 (d, 3J=8.7 Hz, 2H), 7.56 (t, 3J=7.2 Hz, 1H), 7.41–
7.46 (m, 2H), 4.33 (t, 3J=6.6 Hz, 2H), 1.71–1.81 (m, 2H), 1.43–1.53 (m, 2H), 0.98 (t, 
3J=7.5 Hz, 3H) ppm. 13C NMR (CDCl3): 166.61, 132.79, 130.66, 129.58, 128.34, 64.80, 
30.88, 19.34, 13.78 ppm. Spectral data agree with a previous literature report.24 
Benzyl Butyrate (100) 
 
Butyric acid (4.45 g, 4.50 mL, 50.0 mmol), p-toluenesulfonic acid (0.50 g, 2.50 
mmol), and PhMe (15 mL) were added to a 50 mL two-neck round bottom flask. The 
OH
O
HO
p-TsOH / PhMe
reflux / 12 h
O
O
104
90%
OH
O
HO
p-TsOH / PhMe
reflux / 12 h
O
O
100
82%
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reaction flask was fitted with a reflux condenser and a Dean-Stark trap, and the mixture 
was set to reflux under nitrogen atmosphere. Benzyl alcohol (5.46 g, 5.20 mL, 50.0 mmol) 
was added to the reaction flask using a syringe pump, during the course of 6 h. After 12 h, 
the mixture was diluted with Et2O (50 mL), and saturated aqueous NaHCO3 solution was 
added to remove the catalyst. The aqueous layer was extracted with additional Et2O, and 
the combined ethereal solution was washed with brine three times, and dried over MgSO4. 
Solvent was removed in vacuo to give 99 (7.33 g, 82%) as a colorless liquid.  
100: 1H NMR (CDCl3): 7.45–7.35 (m, 5H), 5.13 (s, 2H), 2.35 (t, 3J=7.3 Hz, 2H), 
1.68 (sextet, 3J=7.3 Hz, 2H), 0.96 (t, 3J=7.3 Hz, 3H) ppm. 13C NMR (CDCl3): 173.50, 
136.32, 128.64, 128.27 (2C), 66.11, 36.26, 18.56, 13.78 ppm. Spectral data agree with a 
previous literature report.25 
Benzyl Benzoate (105) 
 
In a 50 mL round bottom flask, benzoyl chloride (7.10 g, 5.90 mL, 50.0 mmol) 
was dissolved in dry Et2O (20 mL) under nitrogen atmosphere. A mixture of benzyl 
alcohol (5.46 g, 5.20 mL, 50.0 mmol) and NEt3 (6.13 g, 8.20 mL, 60.0 mmol) was slowly 
added to the Et2O solution using a syringe pump. After 12 h, the mixture was washed 
with H2O (3×50 mL) and dried over MgSO4. After removal of the solvent, 105 was 
obtained as a colorless liquid (9.22 g, 87%).  
Cl
O
HO
Et3N / Et2O / 25 °C / 12 h
–Et3N•HCl
O
O
105
87%
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105: 1H NMR (CDCl3): 8.10 (d, 3J=7.0 Hz, 2H), 7.59 (t, 3J=7.5 Hz, 1H), 7.37–
7.50 (m, 7H), 5.40 (s, 2H) ppm. 13C NMR (CDCl3): 166.54, 136.26, 133.21, 130.32, 
129.89, 128.78, 128.57, 128.43, 128.36, 66.84 ppm. Spectral data agree with a previous 
literature report.26 
 
2.4.3 Reactive Distillations of [2×2] Ester Libraries 
2.4.3.1 Ethyl Acetate (93) and Benzyl Benzoate (105) 
 
Equimolar amounts of ethyl acetate (93, 445 mg, 5.00 mmol), ethyl benzoate (103, 
758 mg, 5.00 mmol), benzyl acetate (95, 758 mg, 5.00 mmol), and benzyl benzoate (105, 
1.07 g, 5.00 mmol) were added to a 25 mL two-neck round bottom flask. The reaction 
flask was equipped with a short path distillation head that connected it with a receiving 
flask placed in an i-PrOH/CO2 ice bath. The mixture was heated up to 50 °C. A 1M 
solution of NaOt-Bu in THF (0.5 mL) was injected into reaction flask in five 0.1 mL 
portions, with injections separated by 10 min. The distillation setup was placed under 
O
O
O
O
O
O
O
O
O
93 
83%
105  
95%
NaOt-Bu / THF
2.5 mm Hg / 50°C / 2h
O
O
93
103
95
105
O
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vacuum (2.5 mmHg) when the first loading of catalyst was added. After 2 h, the distillate 
(1.60 g) was collected as a colorless liquid. 1H NMR spectroscopy confirmed the identity 
of this liquid as a mixture of 93 (732 mg, 8.31 mmol, 83% yield) and THF (solvent, 720 
mg, 9.98 mmol). Esters 95, 103, and 105 could not be observed in the distillate. The 
residue (2.17 g) was identified by 1H NMR spectroscopy as a mixture of 105 (2.02 g, 
9.51 mmol, 95% yield), 95 (13.5 mg, 0.09 mmol, 5% yield), and 103 (9.91 mg, 0.07 
mmol, 4% yield).  
93: 1H NMR (CDCl3): 4.11 (q, 3J=7.1 Hz, 2H), 2.03 (s, 3H), 1.20 (t, 3J=7.1 Hz, 
3H) ppm. 13C NMR (CDCl3): 170.8, 60.1, 20.7, 13.9 ppm. Spectral data agree with a 
previous literature report.27 
105: 1H NMR (CDCl3): 8.10 (d, 3J=7.0 Hz, 2H), 7.59 (t, 3J=7.5 Hz, 1H), 7.37–
7.50 (m, 7H), 5.40 (s, 2H) ppm. 13C NMR (CDCl3): 166.54, 136.26, 133.21, 130.32, 
129.89, 128.78, 128.57, 128.43, 128.36, 66.84 ppm. Spectral data agree with a previous 
literature report.25 
Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (123 mg, 0.73 mmol) was added to a 
339 mg-aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 2.2), the number of moles of 93 was calculated as 0.73 mmol × 1.62 ÷ (2/3) = 
1.76 mmol. Thus, the total number of moles of 93 in the distillate was 1.76 mmol × 1598 
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mg ÷ 339 mg = 8.31 mmol, corresponding to the yield of 93 of 8.31 mmol ÷ 10.0 mmol × 
100% = 83%.  
Analogous yield calculation procedure was applied to the distillation residue: 
1,3,5-trimethoxybenzene (138 mg, 0.81 mmol) was added to a 339 mg-aliquot of the 
distillation residue. The number of moles of 105 in the aliquot was calculated to be 0.81 
mmol × 1.22 ÷ (2/3) = 1.48 mmol. The total number of moles of 105 in the whole of 
distillation residue was 1.48 mmol × 2171 mg ÷ 339 mg = 9.51 mmol, corresponding to 
the yield of 9.51 mmol ÷ 10.0 mmol × 100% = 95%. Yields of intermediate volatility 
esters 95 and 103 were similarly estimated at 5% and 4%, respectively. 
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Figure 2.2 1H NMR spectra of the starting mixture (bottom) of esters 93, 95, 103, and 
105, and the distillate (middle) and distillation residue (top) obtained after the reactive 
distillation of that mixture. 
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2.4.3.2 Ethyl Butyrate (98) and Benzyl Benzoate (105) 
 
Equimolar amounts of ethyl butyrate (98, 587 mg, 5.00 mmol), ethyl benzoate 
(103, 758 mg, 5.00 mmol), benzyl butyrate (100, 900 mg, 5.00 mmol), and benzyl 
benzoate (105, 1.07 g, 5.00 mmol) were added to a 25 mL two-neck pear-shaped flask. 
The reaction flask was equipped with a short path distillation head that connected it with 
a receiving flask placed in an i-PrOH/CO2 ice bath. The mixture was heated up to 50 °C. 
A 1 M solution of NaOt-Bu in THF (0.5 mL) was injected into reaction flask in five 0.1 
mL portions, with injections separated by 10 min. The distillation setup was placed under 
vacuum (2.5 mmHg) when the first loading of catalyst was added. After 3 h, the distillate 
(1.98 g) was collected as a colorless liquid. 1H NMR spectroscopy confirmed the identity 
of this liquid as a mixture of 98 (935 mg, 8.05 mmol, 80% yield) and THF (solvent, 917 
mg, 12.7 mmol). Esters 100, 103, and 105 were not observed in the distillate. The residue 
(2.35 g) was identified by 1H NMR spectroscopy as a mixture of 105 (1.84 g, 8.69 mmol, 
87% yield), 100 (216 mg, 1.21 mmol, 12% yield), and 103 (118 mg, 0.78 mmol, 8% 
yield).  
O
O
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O
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87%
O
O
103 105
O
O
98
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O
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O
O
98 
80%NaOt-Bu / THF
2.5 mm Hg / 50°C / 3h
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98: 1H NMR (CDCl3): 4.13 (q, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.4 Hz, 2H), 1.65 
(sextet, 3J=7.4 Hz, 2H), 1.26 (t, 3J=6.8 Hz, 3H), 0.96 (t, 3J=7.4 Hz, 3H) ppm. 13C NMR 
(CDCl3): 173.61, 60.13, 36.32, 18.57, 14.32, 13.70 ppm. Spectral data agree with a 
previous literature report.21 
105: 1H NMR (CDCl3): 8.10 (d, 3J=7.0 Hz, 2H), 7.59 (t, 3J=7.5 Hz, 1H), 7.37–
7.50 (m, 7H), 5.40 (s, 2H) ppm. 13C NMR (CDCl3): 166.54, 136.26, 133.21, 130.32, 
129.89, 128.78, 128.57, 128.43, 128.36, 66.84 ppm. Spectral data agree with a previous 
literature report.25 
Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (156 mg, 0.92 mmol) was added to a 
250 mg-aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 2.3), the number of moles of 98 was calculated as 0.92 mmol ÷ 1.36 ÷ (2/3) = 
1.01 mmol. Thus, the total number of moles of 98 in the distillate was 1.01 mmol × 1984 
mg ÷ 250 mg = 8.05 mmol, corresponding to the yield of 98 of 8.05 mmol ÷ 10.0 mmol × 
100% = 80%.  
Analogous yield calculation procedure was applied to the distillation residue: 
1,3,5-trimethoxybenzene (147 mg, 0.86 mmol) was added to a 276 mg-aliquot of the 
residue. The number of moles of 105 in the aliquot was calculated to be 0.86 mmol ÷ 
1.27 ÷ (2/3) = 1.02 mmol. The total number of moles of 105 in the whole of the 
distillation residue was 1.02 mmol × 2346 mg ÷ 276 mg = 8.69 mmol, corresponding to 
the yield of 8.69 mmol ÷ 10.0 mmol × 100% = 87%. Yields of intermediate volatility 
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esters 100 and 103 were similarly estimated at 12% and 8%, respectively. 
 
Figure 2.3 1H NMR spectra of the starting mixture (bottom) of esters 98, 100, 103, and 
105, and the distillate (middle) and distillation residue (top) obtained after the reactive 
distillation of that mixture. 
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2.4.3.3 Ethyl Acetate (93) and Butyl Butyrate (99) 
 
Titanium n-butoxide (413 mg, 1.20 mmol) and an equimolar mixture of 93 (2.67 g, 
30.0 mmol), 94 (3.52 g, 30.0 mmol), 98 (3.52 g, 30.0 mmol), and 99 (4.37 g, 30.0 mmol) 
were placed in a 100 mL round bottom flask. The flask was fitted with a short path 
distillation head which connected it to a receiving flask that was placed in an i-PrOH/CO2 
ice bath (−78 °C). This mixture was heated from 120 to 155 °C for 48 h. The distillate 
(4.86 g) was collected as a colorless liquid. 1H NMR spectroscopy confirmed the identity 
of this liquid as mostly 93 (4.58 g, 52.1 mmol, 87% yield). The residue (9.40 g) was 
identified by 1H NMR spectroscopy as pure 99 (8.41 g, 58.3 mmol, 97% yield). 
93: 1H NMR (CDCl3): 4.11 (q, 3J=7.1 Hz, 2 H), 2.03 (s, 3 H), 1.20 (t, 3J=7.1 Hz, 
3 H) ppm. 13C NMR (CDCl3): 170.8, 60.1, 20.7, 13.9 ppm. Spectral data agree with a 
previous literature report.26 
99: 1H NMR (CDCl3): 4.07 (t, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.5 Hz, 2H), 1.69–1.40 
(m, 6H) 0.9 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 173.77, 64.06, 36.26, 30.74, 
19.17, 18.50, 13.70, 13.66 ppm. Spectral data agree with a previous literature report.22  
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Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (39 mg, 0.23 mmol) was added to a 
824 mg-aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 2.4), the number of moles of 93 was calculated to be at least 0.23 mmol × [41.63 
– (2.14 × 1.5)] = 8.84 mmol. Thus, the total number of moles of 93 in the distillate was 
8.50 mmol × 4860 mg ÷ 824 mg = 52.1 mmol, corresponding to the yield of 93 of 52.1 
mmol ÷ 60.0 mmol × 100% = 87%. Minor fractions were not quantified because of the 
extensive overlap of their 1H NMR spectral peaks.  
Analogous yield calculation procedure was applied to the distillation residue: 
1,3,5-trimethoxybenzene (46 mg, 0.27 mmol) was added to a 755 mg-aliquot of the 
residue. The number of moles of 99 in the aliquot was calculated to be at least 0.27 mmol 
× [13.01 – (0.97 × 1.5)] ÷ (2/3) = 4.68 mmol. The total number of moles of 99 in the 
whole of the distillation residue was 4.68 mmol × 9400 mg ÷ 755 mg = 58.3 mmol, 
corresponding to the yield of 58.3 mmol ÷ 60.0 mmol × 100% = 97%. Minor fractions 
were not quantified because of the extensive overlap of their 1H NMR spectral peaks. 
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Figure 2.4 1H NMR spectra of the starting mixture (bottom) of esters 93, 94, 98, and 99, 
and the distillate (middle) and distillation residue (top) obtained after the reactive 
distillation of that mixture.  
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2.4.3.4 Ethyl Acetate (93) and Octyl Octanoate (108) 
 
Titanium n-butoxide (138 mg, 0.40 mmol) and an equimolar mixture of 93 (0.89 g, 
10.0 mmol), 96 (1.74 g, 10.0 mmol), 106 (1.74 g, 10.0 mmol), and 108 (2.59 g, 10.0 
mmol) were placed into a 100 mL round bottom flask. The reaction flask was equipped 
with a 185 mm-long Vigreux column that was cooled by an i-PrOH/CO2 cold trap (–30 
°C). Short path distillation head was used to connect the top of the Vigreux column with 
a receiving flask which was placed into a separate i-PrOH/CO2 ice bath (–78 °C). This 
reaction mixture was heated at 95 °C for 7 h under vacuum (2.5 mm Hg). The distillate 
(1.56 g) was collected as a colorless liquid. 1H NMR spectroscopy confirmed the identity 
of this liquid as 93 (1.55 g, 17.6 mmol, 88% yield). Other three esters—96, 106, and 
108—could not be identified in the distillate. Using a combination of 1H NMR 
spectroscopy and gas chromatography (see below), the residue (5.24 g) was identified as 
a mixture dominated by 108 (4.61 g, 18.0 mmol, 90% yield), and with minor 
contributions from 106 (232 mg, 1.35 mmol, 7% yield) and 96 (140 mg, 0.81 mmol, 4% 
yield).  
O
O
O
O
O
O
O
O 2.5 mm Hg / 7 h / 95°C
O
O
O
O
93
96
106
108
93
88%
108
90%
Ti(OBu)4
 73 
93: 1H NMR (CDCl3): 4.11 (q, 3J=7.1 Hz, 2 H), 2.03 (s, 3 H), 1.20 (t, 3J=7.1 Hz, 
3 H) ppm. 13C NMR (CDCl3): 170.8, 60.1, 20.7, 13.9 ppm. Spectral data agree with a 
previous literature report.26  
108: 1H NMR (CDCl3): 4.04 (t, 3J=6.7 Hz, 2H), 2.28 (t, 3J=7.5 Hz, 1H), 1.60 (m, 
4H), 1.29 (m, 18H), 0.86 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 174.08, 64.46, 
34.47, 31.76 (2C), 29.29, 29.20, 29.03, 28.72 (2C), 25.11 (2C), 22.73, 22.69, 14.15 (2C) 
ppm. Spectral data agree with a previous literature report.28 
Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (38 mg, 0.23 mmol) was added to a 
886 mg-aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 2.5), the number of moles of 93 was calculated to be 0.23 mmol × 29.5 ÷ (2/3) = 
10.0 mmol. Thus, the total number of moles of 93 in the distillate was 10.0 mmol × 1555 
mg ÷ 886 mg = 17.6 mmol, corresponding to the yield of 93 of 17.6 mmol ÷ 20.0 mmol × 
100% = 88%. Minor fractions were not quantified because of the extensive overlap of 
their 1H NMR spectral peaks. 
Analogous yield calculation procedure was applied to the distillation residue: 
1,3,5-trimethoxybenzene (36 mg, 0.21 mmol) was added to a 1043 mg-aliquot of the 
residue. Using this method, yields of intermediate volatility esters 96 and 106 could be 
estimated at 7% and 4%, respectively. The yield of 108—the major component in the 
distillation residue—was obtained using gas chromatography, because of (1) its complex 
 74 
spectrum which overlaps with some of its side products', and (2) possible overlap with 
some of the peaks of residual Ti(OBu)4—which affected the 1H NMR spectroscopic, but 
not the gas chromatographic measurements. 
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Figure 2.5 1H NMR spectra of the starting mixture (bottom) of esters 93, 96, 106, and 
108, and the distillate (middle) and distillation residue (top) obtained after the reactive 
distillation of that mixture.  
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Calculation of the Yield of 108 based on the Integration of Gas Chromatogram (GC) 
Peaks 
For the purpose of quantification of yield of 108, we determined a response factor 
(F) for this ester with respect to dodecane, which was used as GC internal standard. The 
area of ester signal / mass of ester = F × area of standard signal / mass of standard. That 
is, ae / me = F × as / ms. Therefore, ae and me of a pure sample of 108 and as and ms of GC 
internal standard (dodecane) were used to calculate F value. Five independent 
determinations of the F value were performed (0.787, 0.792, 0.760, 0.799, 0.803), 
yielding an average F = 0.788. This value was then used to calculate the amount of 108 in 
the distillation residue of this reactive distillation (Figure 2.6). A 43.3 mg-aliquot of the 
distillation residue was added to a glass vial, followed by addition of dodecane (29.9 mg) 
and THF (3 mL) as the solvent. The mixture was subjected to gas chromatography using 
the temperature program described in the General Methods section. From the integration, 
mass of 108 could be calculated as me = (ae × ms) / (as × F) = (16605040 × 29.9 mg) / 
(16515649 × 0.788) = 38.1 mg. The total mass of 108 in the distillation residue was 38.1 
mg × 5.24 g ÷ 43.3 mg = 4.61 g. The yield of 108 is 4.61 g ÷ 256.42 g mol−1 ÷ 20.0 mmol 
× 100% = 90%.  
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Figure 2.6 Gas chromatogram of the distillation residue from the reactive distillation of 
an equimolar mixture of 93, 96, 106, and 108, with internal standard (dodecane) added 
for calibration. THF was used as the solvent.  
 
2.4.3.5 Butyl Butyrate (99) and Octyl Octanoate (108) 
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Titanium n-butoxide (138 mg, 0.40 mmol) and an equimolar mixture of 99 (1.46 g, 
10.0 mmol), 101 (2.02 g, 10.0 mmol), 107 (2.02 g, 10.0 mmol), and 108 (2.59 g, 10.0 
mmol) were added to a 100 mL round bottom flask. The reaction flask was equipped with 
a short path distillation head, which connected it to a receiving flask that was placed in an 
i-PrOH/CO2 ice bath (–78 °C). This reaction was heated from 140 to 170 °C for 8 h under 
vacuum (6.3 mm Hg). Using gas chromatography, the distilled liquid (2.85 g) was 
identified as 99 (2.83 g, 19.6 mmol, 98% yield). The distillation residue (5.32 g) was 
analogously identified as a mixture dominated by 108 (4.51 g, 17.6 mmol, 93% yield), 
with minor contributions from 107 and 101, which could not be quantified individually as 
the peaks of these two compounds extensively overlap both in in gas chromatograms 
(Figure 2.7 and Figure 2.8) and 1H NMR spectra (Figure 2.9). 
99: 1H NMR (CDCl3): 4.07 (t, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.5 Hz, 2H), 1.69–1.40 
(m, 6H) 0.9 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 173.77, 64.06, 36.26, 30.74, 
19.17, 18.50, 13.70, 13.66 ppm. Spectral data agree with a previous literature report.22 
108: 1H NMR (CDCl3): 4.04 (t, 3J=6.7 Hz, 2H), 2.28 (t, 3J=7.5 Hz, 1H), 1.60 (m, 
4H), 1.29 (m, 18H), 0.86 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 174.08, 64.46, 
34.47, 31.76 (2C), 29.29, 29.20, 29.03, 28.72 (2C), 25.11 (2C), 22.73, 22.69, 14.15 (2C) 
ppm. Spectral data agree with a previous literature report.27 
 
 
 79 
Calculation of the Yields of 99 and 108 based on the Integration of GC Peaks 
For the purpose of quantification of yields of 99 and 108, we determined response 
factors (F) for these esters with respect to dodecane as the GC internal standard. The area 
of ester signal / mass of ester = F × area of standard signal / mass of standard. That is, ae / 
me = F × as / ms. Therefore, ae and me of a pure samples of 99 and 108 and as and ms of 
GC internal standard (dodecane) were used to calculate F value. Five independent 
determinations of the F value were performed for 99 (0.624, 0.658, 0.663, 0.653, 0.658), 
yielding an average F = 0.651 for 99. Five independent determinations of the F value 
were performed for 108 (0.787, 0.792, 0.760, 0.799, 0.803), yielding an average F = 
0.788 for 108. This value was then used to calculate the amounts of 99 and 108 in the 
distillate and distillation residue of this reactive distillation (Figures 2.7 and 2.8, 
respectively). A 47.4 mg-aliquot of the distillate was added to a glass vial, followed by 
addition of dodecane (28.3 mg) and THF (3 mL) as the solvent. The mixture was 
subjected to gas chromatography using the temperature program described in the General 
Methods section. From the integration, mass of 99 could be calculated as me = (ae × ms) / 
(as × F) = (17249466 × 28.3 mg) / (15907455 × 0.651) = 47.1 mg. The total mass of 99 in 
the distillation residue was 47.1 mg × 2.85 g ÷ 47.4 mg = 2.83 g. The yield of 99 is 2.83 g 
÷ 144.21 g mol−1 ÷ 20.0 mmol × 100% = 98%. 
A 41.4 mg-aliquot of the distillation residue was added to a glass vial, followed 
by addition of dodecane (28.2 mg) and THF (3 mL) as the solvent. The mixture was 
subjected to gas chromatography using the temperature program described in the General 
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Methods 2.4.1 section. From the integration, mass of 108 could be calculated as me = (ae 
× ms) / (as × F) = (16604867 × 28.2 mg) / (15989277 × 0.788) = 37.2 mg. The total mass 
of 108 in the distillation residue was 37.2 mg × 5.32 g ÷ 41.4 mg = 4.78 g. The yield of 
108 is 4.78 g ÷ 256.42 g mol−1 ÷ 20.0 mmol × 100% = 93%.  
 
Figure 2.7 Gas chromatogram of the distillate from the reactive distillation of a mixture 
of 99, 101, 107, and 108, with internal standard (dodecane) added for calibration. THF 
was used as the solvent. 
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Figure 2.8 Gas chromatogram of the distillation residue from the reactive distillation of a 
mixture of 99, 101, 107, and 108, with internal standard (dodecane) added for calibration. 
THF was used as the solvent. 
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Figure 2.9 1H NMR spectra of the starting mixture (bottom) of esters 99, 101, 107, and 
108, and the distillate (middle) and distillation residue (top) obtained after the reactive 
distillation of that mixture. 
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2.4.4 Reactive Distillations of [3×3] Ester Libraries 
2.4.4.1 Ethyl Acetate (93), Butyl Butyrate (99), and Benzyl Benzoate (105) 
 
An equimolar mixture of 93 (890 mg, 10.0 mmol), 98 (1.17 g, 10.0 mmol), 103 
(1.56 g, 10.0 mmol), 94 (1.17 g, 10.0 mmol), 99 (1.46 mg, 10.0 mmol), 104 (1.80 g, 10.0 
mmol), 95 (1.52 g, 10.0 mmol), 100 (1.80 g, 10.0 mmol), and 105 (2.14 g, 10.0 mmol) 
was added to a 25 mL two-neck round bottom flask. The reaction flask was equipped 
with a 185 mm-long Vigreux column that was cooled by an i-PrOH/CO2 cold trap (–55 to 
–50 °C). Short path distillation head was placed on top of the Vigreux column, 
connecting it to a receiving flask, which was placed into a separate i-PrOH/CO2 ice bath 
(–78 °C). A 0.05 mL-portion of a 1M solution of NaOt-Bu in THF was injected into the 
reaction flask every 30 min for 10 h. Vacuum (2.5 mmHg) was started at the same time 
as the first loading of catalyst. The first step of this distillation was carried out at 50 °C 
over the course of 10 h. The first distillate was collected as a colorless liquid. 1H NMR 
spectroscopy confirmed the identity of this liquid as a mixture of 93 (2.03 g, 23.1 mmol, 
77% yield), 94 (41.4 mg, 0.36 mmol, 1% yield), 98 (91.0 mg, 0.78 mmol, 3% yield), and 
O
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THF (solvent, 2.59 g, 35.9 mmol). The second distillate was collected after another 10 h 
of distillation without the Vigreux column, during which a 0.05 mL-portion of a 1M 
solution of NaOt-Bu in THF was injected into the reaction flask every 30 min. 1H NMR 
spectroscopy confirmed the identity of this liquid as a mixture of 99 (2.76 g, 19.2 mmol, 
64% yield), 94 (205 mg, 1.76 mmol, 6% yield), 98 (37.5 mg, 0.32 mmol, 1% yield), 100 
(54.9 mg, 0.31 mmol, 1% yield), 104 (47.9 mg, 0.27 mmol, 1% yield), and THF (solvent, 
1.43 g, 19.9 mmol). The residue was identified by 1H NMR spectroscopy as a mixture of 
105 (5.11 g, 24.1 mmol, 80% yield), 100 (473 mg, 2.66 mmol, 9% yield), and 104 (452 
mg, 2.54 mmol, 8% yield).  
93: 1H NMR (CDCl3): 4.11 (q, 3J=7.1 Hz, 2 H), 2.03 (s, 3 H), 1.20 (t, 3J=7.1 Hz, 
3 H) ppm. 13C NMR (CDCl3): 170.8, 60.1, 20.7, 13.9 ppm. Spectral data agree with a 
previous literature report.26 
99: 1H NMR (CDCl3): 4.07 (t, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.5 Hz, 2H), 1.69–1.40 
(m, 6H) 0.9 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 173.77, 64.06, 36.26, 30.74, 
19.17, 18.50, 13.70, 13.66 ppm. Spectral data agree with a previous literature report.22 
105: 1H NMR (CDCl3): 8.10 (d, 3J=7.0 Hz, 2H), 7.59 (t, 3J=7.5 Hz, 1H), 7.37–
7.50 (m, 7H), 5.40 (s, 2H) ppm. 13C NMR (CDCl3): 166.54, 136.26, 133.21, 130.32, 
129.89, 128.78, 128.57, 128.43, 128.36, 66.84 ppm. Spectral data agree with a previous 
literature report.25  
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Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (173 mg, 1.02 mmol) was added to a 
512 mg-aliquot of the first distillate. From their relative integrals in the 1H NMR 
spectrum (Figure 2.10), the number of moles of 93 was calculated to be 1.02 mmol × 
1.49 ÷ (2/3) = 2.27 mmol. Thus, the total number of moles of 93 in the first distillate was 
2.27 mmol × 5210 mg ÷ 512 mg = 23.1 mmol, corresponding to the yield of 93 of 23.1 
mmol ÷ 30.0 mmol × 100% = 77%. Analogous calculation allowed us to estimate the 
yields of minor fractions 94 and 98 at 1% and 3%, respectively. 
Similar yield calculation procedure was applied to the second distillate: 1,3,5-
trimethoxybenzene (163 mg, 0.96 mmol) was added to a 569 mg-aliquot of the residue. 
The number of moles of 99 in the aliquot was calculated to be 0.96 mmol × [1.94 – (0.32 
× 2/3)] ÷ (2/3) = 2.49 mmol. The total number of moles of 99 in the whole of the second 
distillate was 2.49 mmol × 4379 mg ÷ 569 mg = 19.2 mmol, corresponding to the yield of 
19.2 mmol ÷ 30.0 mmol × 100% = 64%. Equivalent calculation allowed us to estimate 
the yields of minor fractions 94, 98, 100, and 103 at 6%, 1%, 1%, and 1%, successively. 
Analogous yield calculation procedure was applied to the distillation residue as 
well: 1,3,5-trimethoxybenzene (181 mg, 1.07 mmol) was added to a 712 mg-aliquot of 
the residue. The number of moles of 105 in the aliquot was calculated to be 1.07 mmol × 
1.64 ÷ (2/3) = 2.62 mmol. The total number of moles of 105 in the whole of the 
distillation residue was 2.62 mmol × 6539 mg ÷ 712 mg = 24.1 mmol, corresponding to 
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the yield of 24.1 mmol ÷ 30.0 mmol × 100% = 80%. Analogous calculation allowed us to 
estimate the yields of minor fractions 100 and 104 at 9% and 8%, respectively. 
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Figure 2.10 1H NMR spectra of the starting mixture (bottom) of esters 93–105, and the 
two distillates (middle) and distillation residue (top) obtained after the reactive 
distillation of that mixture. 
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2.4.4.2 Ethyl Acetate (93), Butyl Butyrate (99), and Octyl Octanoate (108) 
 
Titanium n-butoxide (0.93 g, 2.70 mmol) and an equimolar mixture of 93 (2.67 g, 
30.0 mmol), 94 (3.52 g, 30.0 mmol), 96 (5.22 g, 30.0 mmol), 98 (3.52 g, 30.0 mmol), 99 
(4.37 g, 30.0 mmol), 101 (6.07 g, 30.0 mmol), 106 (5.22 g, 30.0 mmol), 107 (6.07 g, 30.0 
mmol), and 108 (7.77 g, 30.0 mmol) was added to a 100 mL round bottom flask. The 
flask was fitted with a Vigreux column, and a short path distillation head was used to 
connect it to a receiving flask, which was placed in an i-PrOH/CO2 ice bath (–78 °C). 
The first step of the distillation was carried out at atmospheric pressure for 14 h, with 
temperature slowly being raised from 160 to 210 °C. The first distillate (9.51 g) was 
collected as a colorless liquid. 1H NMR spectroscopy confirmed the identity of this liquid 
as a mixture dominated by 93 (7.01 g, 79.6 mmol, 88% yield), and with minor 
contributions from 94 and 98. The reaction flask was then equipped with a 185 mm-long 
Vigreux column and placed under vacuum (6.25 mmHg) for the second step of the 
distillation. The second distillate (12.0 g) was collected after another 9.5 hours. 1H NMR 
spectroscopy confirmed the identity of this liquid as a mixture of 99 (11.9 g, 82.8 mmol, 
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92% yield) and small amounts of 94 and 98. Finally, the distillation residue (24.0 g) was 
identified by 1H NMR spectroscopy and gas chromatography as a mixture of 108 (21.5 g, 
82.8 mmol, 93% yield) and small amounts of 107 and 101.  
93: 1H NMR (CDCl3): 4.11 (q, 3J=7.1 Hz, 2 H), 2.03 (s, 3 H), 1.20 (t, 3J=7.1 Hz, 
3 H) ppm. 13C NMR (CDCl3): 170.8, 60.1, 20.7, 13.9 ppm. Spectral data agree with a 
previous literature report.26  
99: 1H NMR (CDCl3): 4.07 (t, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.5 Hz, 2H), 1.69–1.40 
(m, 6H) 0.9 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 173.77, 64.06, 36.26, 30.74, 
19.17, 18.50, 13.70, 13.66 ppm. Spectral data agree with a previous literature report.22 
108: 1H NMR (CDCl3): 4.04 (t, 3J=6.7 Hz, 2H), 2.28 (t, 3J=7.5 Hz, 1H), 1.60 (m, 
4H), 1.29 (m, 18H), 0.86 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 174.08, 64.46, 
34.47, 31.76 (2C), 29.29, 29.20, 29.03, 28.72 (2C), 25.11 (2C), 22.73, 22.69, 14.15 (2C) 
ppm. Spectral data agree with a previous literature report.27 
Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (81 mg, 0.48 mmol) was added to a 
808 mg-aliquot of the first distillate. From their relative integrals in the 1H NMR 
spectrum (Figure 2.12), the number of moles of 93 was calculated to be 0.48 mmol × 
[16.57 – (1.59 × 1.5)] = 6.77 mmol. Thus, the total number of moles of 93 in the first 
distillate was 6.77 mmol × 9510 mg ÷ 808 mg = 79.6 mmol, corresponding to the yield of 
93 of 79.6 mmol ÷ 90.0 mmol × 100% = 88%.  
 90 
Similar yield calculation procedure was applied to the second distillate: 1,3,5-
trimethoxybenzene (97 mg, 0.57 mmol) was added to a 930 mg-aliquot of the residue. 
The number of moles of 99 in the aliquot was calculated to be 0.57 mmol × [(8.12 – 0.96 
× (2/3))] ÷ (2/3) = 6.38 mmol. The total number of moles of 99 in the whole of the 
second distillate was 6.38 mmol × 12030 mg ÷ 930 mg = 82.6 mmol, corresponding to 
the yield of 82.6 mmol ÷ 90.0 mmol × 100% = 92%.  
Yield of 108 was calculated from gas chromatography data, as described below. 
Calculation of the Yield of 108 based on the Integration of GC Peaks 
For the purpose of quantification of yield of 108, we determined a response factor 
(F) for this ester with respect to dodecane, which was used as GC internal standard. The 
area of ester signal / mass of ester = F × area of standard signal / mass of standard. That 
is, ae / me = F × as / ms. Therefore, ae and me of a pure sample of 108 and as and ms of GC 
internal standard (dodecane) were used to calculate F value. Five independent 
determinations of the F value were performed (0.787, 0.792, 0.760, 0.799, 0.803), 
yielding an average F = 0.788. This value was then used to calculate the amount of 108 in 
the distillation residue of this reactive distillation (Figure 2.11). A 48.8 mg-aliquot of the 
distillation residue was added to a glass vial, followed by addition of dodecane (28.1 mg) 
and THF (3 mL) as the solvent. The mixture was subjected to gas chromatography using 
the temperature program described in the General Methods section. From the integration, 
mass of 108 could be calculated as me = (ae × ms) / (as × F) = (19942883 × 28.1 mg) / 
(16240111 × 0.788) = 43.8 mg. The total mass of 108 in the distillation residue was 43.8 
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mg × 24.0 g ÷ 48.8 mg = 21.5 g. The yield of 108 is 21.5 g ÷ 256.42 g mol−1 ÷ 90.0 mmol 
× 100% = 93%.  
 
Figure 2.11 Gas chromatogram of the distillation residue from the reactive distillation of 
an equimolar mixture of 93, 94, 96, 98, 99, 101, 106, 107, and 108, with internal standard 
(dodecane) added for calibration. THF was used as the solvent. 
 92 
 
Figure 2.12 1H NMR spectra of the starting mixture (bottom) of esters 93, 94, 96, 98, 99, 
101, 106, 107, and 108, and the two distillates (middle) and distillation residue (top) 
obtained after the reactive distillation of that mixture. 
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2.4.5 Reactive Distillations of [4×4] Ester Libraries 
2.4.5.1 Ethyl Acetate (93), Butyl Butyrate (99), Octyl Octanoate (108), and Cetyl 
Palmitate (113) 
 
Titanium n-butoxide (0.50 mL, 49.8 mg, 1.46 mmol) and an equimolar mixture of 
93 (0.89 g, 10.0 mmol), 94 (1.17 g, 10.0 mmol), 96 (1.74 g, 10.0 mmol), 97 (2.90 g, 10.0 
mmol), 98 (1.17 g, 10.0 mmol), 99 (1.46 g, 10.0 mmol), 101 (2.02 g, 10.0 mmol), 102 
(3.19 g, 10.0 mmol), 106 (1.74 g, 10.0 mmol), 107 (2.02 g, 10.0 mmol), 108 (2.59 g, 10.0 
mmol), 109 (3.76 g, 10.0 mmol), 110 (2.90 g, 10.0 mmol), 111 (3.19 g, 10.0 mmol), 112 
(3.76 g, 10.0 mmol), and 113 (4.91 g, 10.0 mmol) were placed into a 100 mL round 
bottom flask. Short path distillation head was used to connect the reaction flask with a 
receiving flask, which was placed in a liquid N2 bath (–196 °C). The first step of the 
distillation was performed at atmospheric pressure over 72 h and the mixture was 
gradually heated up from 170 to 240 °C. The first distillate (3.50 g) was collected as a 
colorless liquid, and 1H NMR spectroscopy of this liquid confirmed its identity as a 
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mixture of 93 (3.07 g, 34.9 mmol, 87% yield) and 94 and 98 as trace components. The 
reaction flask was then equipped with a 100 mm-long Vigreux column and placed under 
vacuum (6.3 mmHg) for the second step of the distillation. The second distillate (7.00 g) 
was collected after the mixture was heated from 135 to 195 °C during the course of 
additional 45 h. The temperature was slowly increased from 135 to 155 °C in the first 4 h 
and additional Ti(OBu)4 (0.10 mL, 99.6 mg, 0.29 mmol) was added to the reaction flask. 
Temperature was then increased from 155 to 165 °C over 6 h and another portion of 
Ti(OBu)4 (0.10 mL, 99.6 mg, 0.29 mmol) was added to the reaction flask. Finally, 
temperature was increased from 165 to 190 °C over the course of 19 h and the final 
portion of Ti(OBu)4 (0.10 mL, 99.6 mg, 0.29 mmol) was added to the reaction flask. 
Temperature was brought from 190 to 195 °C over the course of last 16 h. Using a 
combination of 1H NMR spectroscopy and gas chromatography, the second distillate was 
identified as a mixture of 99 (4.86 g, 33.7 mmol, 84% yield), and minute amounts of 94 
and 98. The third distillate (9.70 g) was collected after high vacuum (0.10 mm Hg) 
distillation at temperature from 200 to 240 °C during the course of another 24 h. The 
temperature was slowly increased from 200 to 240 °C in the first 4 h, followed by the 
addition of Ti(OBu)4 (0.10 mL, 99.6 mg, 0.29 mmol) to the reaction flask. The Vigreux 
column was removed and the mixture was heated from 205 to 220 °C for 4 h, followed 
by another portion of Ti(OBu)4 (0.10 mL, 99.6 mg, 0.29 mmol). Finally, the temperature 
was increased from 220 to 240 °C over 4 h and the temperature was kept at 240 °C for 12 
h. A combination of 1H NMR spectroscopy and gas chromatogaphy confirmed the 
identity of the third distillate liquid as a mixture of 108 (7.40 g, 28.9 mmol, 72% yield) 
 95 
and small amounts of 101 and 107. The residue (20.3 g) was identified by 1H NMR 
spectroscopy and gas chromatography as a mixture of 113 (17.2 g, 35.8 mmol, 90% yield) 
and small amounts of 109 and 112.  
93: 1H NMR (CDCl3): 4.11 (q, 3J=7.1 Hz, 2 H), 2.03 (s, 3 H), 1.20 (t, 3J=7.1 Hz, 
3 H) ppm. 13C NMR (CDCl3): 170.8, 60.1, 20.7, 13.9 ppm. Spectral data agree with a 
previous literature report.26 
99: 1H NMR (CDCl3): 4.07 (t, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.5 Hz, 2H), 1.69–1.40 
(m, 6H) 0.9 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 173.77, 64.06, 36.26, 30.74, 
19.17, 18.50, 13.70, 13.66 ppm. Spectral data agree with a previous literature report.22 
108: 1H NMR (CDCl3): 4.04 (t, 3J=6.7 Hz, 2H), 2.28 (t, 3J=7.5 Hz, 1H), 1.60 (m, 
4H), 1.29 (m, 18H), 0.86 (t, 3J=6.4 Hz, 6H) ppm. 13C NMR (CDCl3): 174.08, 64.46, 
34.47, 31.76 (2C), 29.29, 29.20, 29.03, 28.72 (2C), 25.11 (2C), 22.73, 22.69, 14.15 (2C) 
ppm. Spectral data agree with a previous literature report.27 
113: 1H NMR (CDCl3): 4.04 (t, 3J=6.7 Hz, 2H), 2.28 (t, 3J=7.5 Hz, 2H), 1.57–
1.61 (m, 4H), 1.24–1.29 (m, 50H), 0.85–0.88 (m, 6H) ppm. 13C NMR (CDCl3): 174.16, 
64.51, 34.64, 32.03, 29.80, 29.58, 29.48, 29.38, 28.74, 26.04, 25.13, 22.80, 14.23 ppm. 
Spectral data agree with a previous literature report.29 
Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (80.5 mg, 0.47 mmol) was added to a 
670 mg-aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
 96 
(Figure 2.13), the number of moles of 93 was calculated as 0.47 mmol × [14.73 – (0.42 × 
1.5)] = 6.68 mmol. Thus, the total number of moles of 93 in the distillate was 6.68 mmol 
× 3500 mg ÷ 670 mg = 34.9 mmol, corresponding to the yield of 93 of 34.9 mmol ÷ 40.0 
mmol × 100% = 87%.  
Calculation of the Yields based on the Integration of GC Peaks 
For the purpose of quantification of yields of 99, 108, and 113 we determined 
response factors (F) for these esters with respect to dodecane as the GC internal standard. 
The area of ester signal / mass of ester = F × area of standard signal / mass of standard. 
That is, ae / me = F × as / ms. Therefore, ae and me of a pure samples of 99, 108, and 113, 
and as and ms of GC internal standard (dodecane) were used to calculate F values. Five 
independent determinations of the F value were performed for 99 (0.624, 0.658, 0.663, 
0.653, 0.658), yielding an average F = 0.651 for 99. Five independent determinations of 
the F value were performed for 108 (0.787, 0.792, 0.760, 0.799, 0.803), yielding an 
average F = 0.788 for 108. Four independent determinations of the F value were 
performed for 113 (0.863, 0.857, 0.882, 0.828), yielding an average F = 0.857 for 113. 
These values were then used to calculate the amounts of 99, 108, and 113 in the distillates 
and distillation residue of this reactive distillation (Figures 2.14, 2.15, and 2.16, 
successively). A 50.5 mg-aliquot of the first distillate was added to a glass vial, followed 
by addition of dodecane (28.7 mg) and THF (3 mL) as the solvent. The mixture was 
subjected to gas chromatography using the temperature program described in the General 
Methods section. From the integration, mass of 99 could be calculated as me = (ae × ms) / 
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(as × F) = (13392345 × 28.7 mg) / (16122856 × 0.651) = 36.6 mg. The total mass of 99 in 
the distillation residue was 36.6 mg × 7.00 g ÷ 50.5 mg = 5.07 g. The yield of 99 is 5.07 g 
÷ 144.21 g mol−1 ÷ 40.0 mmol × 100% = 88%. 
A 43.5 mg-aliquot of the second distillate was added to a glass vial, followed by 
addition of dodecane (30.3 mg) and THF (3 mL) as the solvent. The mixture was 
subjected to gas chromatography using the temperature program described in the General 
Methods section. From the integration, mass of 108 could be calculated as me = (ae × ms) 
/ (as × F) = (14360829 × 30.3 mg) / (17269926 × 0.788) = 32.0 mg. The total mass of 108 
in the distillation residue was 32.0 mg × 9.70 g ÷ 43.5 mg = 7.14 g. The yield of 108 is 
7.14 g ÷ 256.42 g mol−1 ÷ 40.0 mmol × 100% = 70%.  
A 41.9 mg-aliquot of the distillation residue was added to a glass vial, followed 
by addition of dodecane (33.2 mg) and THF (3 mL) as the solvent. The mixture was 
subjected to gas chromatography using the temperature program described in the General 
Methods section. From the integration, mass of 108 could be calculated as me = (ae × ms) 
/ (as × F) = (15973173 × 33.2 mg) / (18431583 × 0.857) = 33.6 mg. The total mass of 108 
in the distillation residue was 33.6 mg × 20.3 g ÷ 41.9 mg = 16.3 g. The yield of 108 is 
16.3 g ÷ 480.85 g mol−1 ÷ 40.0 mmol × 100% = 85%.  
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Figure 2.13 1H NMR spectra of the three distillates and the distillation residue resulting 
from the reactive distillation of an equimolar mixture of esters 93, 94, 96, 97, 98, 99, 101, 
102, 106, 107, 108, 109, 110, 111, 112, and 113. 
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Figure 2.14 Gas chromatogram of the second distillate from the reactive distillation of an 
equimolar mixture of 93, 94, 96, 97, 98, 99, 101, 102, 106, 107, 108, 109, 110, 111, 112, 
and 113, with internal standard (dodecane) added for calibration. THF was used as the 
solvent. 
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Figure 2.15 Gas chromatogram of the third distillate from the reactive distillation of an 
equimolar mixture of 93, 94, 96, 97, 98, 99, 101, 102, 106, 107, 108, 109, 110, 111, 112, 
and 113, with internal standard (dodecane) added for calibration. THF was used as the 
solvent. 
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Figure 2.16 Gas chromatogram of the distillation residue from the reactive distillation of 
an equimolar mixture of 93, 94, 96, 97, 98, 99, 101, 102, 106, 107, 108, 109, 110, 111, 
112, and 113, with internal standard (dodecane) added for calibration. THF was used as 
the solvent. 
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2.4.6 Reactive Distillations of [2×3] Ester Libraries 
2.4.6.1 Ethyl Acetate (93), Ethyl Butyrate (98), and Benzyl Benzoate (105) 
 
A mixture of 93 (890 mg, 10.0 mmol), 98 (1.17 g, 10.0 mmol), 103 (3.03 g, 20.0 
mmol), 95 (1.52 g, 10.0 mmol), 100 (1.80 g, 10.0 mmol), and 105 (2.14 g, 10.0 mmol) 
was added to a 25 mL two-neck round bottom flask. The reaction flask was equipped 
with a 185 mm-long Vigreux column cooled by a i-PrOH/CO2 cold trap (–55 to –50 °C). 
Short path distillation head was placed on top of the Vigreux column, connecting it to the 
receiving flask, which was placed in a separate i-PrOH/CO2 ice bath (–78 °C). A 0.05 
mL-aliquot of a 1M sodium tert-butoxide in THF solution was injected into the reaction 
flask every 30 min for 5 h. Vacuum (2.5 mm Hg) was started at the same time as the first 
loading of catalyst was added. The first step of the distillation was performed at 50 °C for 
5 h, resulting in the first distillate, which was collected as a colorless liquid. 1H NMR 
spectroscopy confirmed the identity of this liquid as a mixture of 93 (1.58 g, 17.9 mmol, 
O
O
O
O
O
O
O
O
O
O
O
93
98
103
95
100
105
O
2.5 mmHg
50 °C / 13 h
NaOt-Bu / THF
O
93
90%
O
O
O
98
76%
O
O
105
93%
 103 
90% yield), 98 (106 mg, 0.91 mmol, 5% yield), and THF (solvent, 888 mg, 12.4 mmol). 
The second distillate was collected after another 8 h of distillation without the Vigreux 
column. A 0.05 mL-aliquot of a 1M sodium tert-butoxide in THF solution was injected 
into the reaction flask every 30 min for 8 h. 1H NMR spectroscopy confirmed the identity 
of this liquid as a mixture of 93 (35.9 mg, 0.41 mmol, 2% yield), 98 (1.75 g, 15.1 mmol, 
76% yield) and THF (solvent, 1.62 g, 22.5 mmol). Esters 95, 103, 100, and 105 were not 
observed in either of the distillates. The remainder in the distillation flask was identified 
by 1H NMR spectroscopy as a mixture of 105 (5.90 g, 27.8 mmol, 93% yield), 100 (209 
mg, 1.18 mmol, 6% yield), and 103 (199 mg, 1.33 mmol, 7% yield).  
93: 1H NMR (CDCl3): 4.11 (q, 3J=7.1 Hz, 2 H), 2.03 (s, 3 H), 1.20 (t, 3J=7.1 Hz, 
3 H) ppm. 13C NMR (CDCl3): 170.8, 60.1, 20.7, and 13.9 ppm. Spectral data agree with a 
previous literature report.26 
98: 1H NMR (CDCl3): 4.13 (q, 3J=6.8 Hz, 2H), 2.27 (t, 3J=7.4 Hz, 2H), 1.65 
(sextet, 3J=7.4 Hz, 2H), 1.26 (t, 3J=6.8 Hz, 3H), 0.96 (t, 3J=7.4 Hz, 3H) ppm. 13C NMR 
(CDCl3): 173.61, 60.13, 36.32, 18.57, 14.32, and 13.70 ppm. Spectral data agree with a 
previous literature report.21 
105: 1H NMR (CDCl3): 8.10 (d, 3J=7.0 Hz, 2H), 7.59 (t, 3J=7.5 Hz, 1H), 7.37–
7.50 (m, 7H), 5.40 (s, 2H) ppm. 13C NMR (CDCl3): 166.54, 136.26, 133.21, 130.32, 
129.89, 128.78, 128.57, 128.43, 128.36, and 66.84 ppm. Spectral data agree with a 
previous literature report.25 
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Calculation of the Yields based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (673 mg, 3.96 mmol) was added to a 
740 mg-aliquot of the first distillate. From their relative integrals in the 1H NMR 
spectrum (Figure 2.17), the number of moles of 93 was calculated to be 3.96 mmol × 1 ÷ 
(2/3) ÷ 1.34 = 4.43 mmol. Thus, the total number of moles of 93 in the first distillate was 
4.43 mmol × 2989 mg ÷ 740 mg = 17.9 mmol, corresponding to the yield of 93 of 17.9 
mmol ÷ 20.0 mmol × 100% = 90%. Analogous calculation allowed us to estimate the 
yields of 98 at 5%. 
Similar yield calculation procedure was applied to the second distillate: 1,3,5-
trimethoxybenzene (340 mg, 2.00 mmol) was added to a 571 mg-aliquot of the residue. 
The number of moles of 99 in the aliquot was calculated to be 2.00 mmol × 1.1 ÷ (2/3) ÷ 
1.49 = 2.22 mmol. The total number of moles of 99 in the whole of the second distillate 
was 2.22 mmol × 3892 mg ÷ 571 mg = 15.1 mmol, corresponding to the yield of 15.1 
mmol ÷ 20.0 mmol × 100% = 76%. Equivalent calculation allowed us to estimate the 
yields of 93 at 2%. 
Analogous yield calculation procedure was applied to the distillation residue as 
well: 1,3,5-trimethoxybenzene (342 mg, 2.01 mmol) was added to a 969 mg-aliquot of 
the residue. The number of moles of 105 in the aliquot was calculated to be 2.01 mmol × 
1.30 ÷ (2/3) = 3.93 mmol. The total number of moles of 105 in the whole of the 
distillation residue was 3.93 mmol × 6862 mg ÷ 969 mg = 27.8 mmol, corresponding to 
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the yield of 27.8 mmol ÷ 30.0 mmol × 100% = 93%. Analogous calculation allowed us to 
estimate the yields of minor fractions 100 and 103 at 6% and 7%, respectively. 
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Figure 2.17 1H NMR spectra of the starting mixture (bottom) of esters 93, 95, 98, 100, 
103 (2 equivalent), and 105, and the two distillates (middle) and distillation residue (top) 
obtained after the reactive distillation of that mixture.  
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Chapter Three Scent Transmutation: A New Way to Teach on Chemical 
Equilibrium, Distillation, and Dynamic Combinatorial 
Chemistry1 
 
3.1 Introduction 
Chemical equilibrium is one of the key concepts in all of chemistry and is being 
taught in undergraduate curricula throughout the world. The behavior of equilibrated 
mixtures that are disturbed from equilibrium is governed by the well-known Le 
Châtelier’s principle, which states that “a system always kicks back”,2 that is, an 
equilibrium shifts to replenish the mixture components that were removed by the 
disturbing stimulus. Le Châtelier’s principle is viewed as relatively intuitive; at the same 
time, its immense practical and industrial importance may not be fully appreciated by 
undergraduate students, as curricula spend little to no time establishing connections 
between basic physicochemical principles and industrial processes. 
Our group has had a long-standing interest in reactive distillation, which is both a 
very direct application of the Le Châtelier’s principle and a widely used process in 
chemical industry. In a reactive distillation, a chemical reactor doubles as a distillation 
setup, as the product is continuously being distilled away from the equilibrating reaction 
mixture. As the volatile product is being removed, the remainder of the mixture shuffles 
to replenish it, until the starting materials are completely exhausted and the pure 
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product(s) are isolated in high yields. Reactive distillation yielded some of the chemical 
industry’s biggest savings over the past three decades in terms of construction, energy, 
and raw material cost. Many compounds are industrially produced by reactive distillation, 
including esters, ethers, and some alkylated aromatic hydrocarbons.3 Here, we present a 
series of reactive distillation experiments that illustrate this process using fragrant 
compounds. This simple and appealing set of experiments is highly instructive and they 
could easily be adapted to the undergraduate lab curriculum, where they could be utilized 
to teach the concepts of chemical equilibrium, Le Châtelier’s principle, and reactive 
distillation. 
Consider a hypothetical library of four esters (Scheme 3.1), constructed by 
random transesterification of an equimolar mixture of two carboxylic acids and two 
alcohols. When this mixture is exposed to Ti(OBu)4 catalyst, an acyl exchange,4 that is, 
the swapping of acyl and alkoxy substituents between the esters, will ensue. Because the 
acyl exchange reaction is reversible, the four esters will freely transfer material among 
themselves, and a dynamic equilibrium will eventually be established. Such an 
equilibrating collection of esters is called a DCL.5 Through the reversible acyl exchange, 
the DCL is capable of adapting to external stimuli by changing its composition. 
Subjecting a DCL to distillation, either at atmospheric or lowered pressure, removes the 
most volatile ester (shown in Scheme 3.1 as the red–red combination), typically formed 
from the alcohol and the carboxylic acid of lower molecular masses. As this volatile ester 
is removed, the remainder of the mixture reequilibrates to produce more of it, and this 
process continues until essentially all of the volatile alkoxy and the volatile acyl groups 
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are removed as the distillate. At the same time, the distillation residue is vastly enriched 
in the least volatile compound (blue–blue combination), at the expense of the two esters 
of intermediate volatility. In essence, the most and the least volatile esters are amplified, 
while the crossover esters of moderate volatility are sacrificed. This process can be 
iteratively repeated in more complex libraries;6a our group has shown that ester libraries6b 
with as many as 16 members can be reduced in complexity to just four final products 
during the course of a reactive distillation. In related dynamic imine libraries, even 
greater simplification was possible:6c a starting DCL with 25 imine constituents could be 
reduced to just five final products. 
 
Scheme 3.1 Ester transmutation transforms two moderate volatility esters into the highly 
volatile ester that is distilled away (shown in red) and the low-volatility ester that remains 
in the distillation residue (shown in blue).  
Perhaps an even more interesting case occurs if the distillation does not start with 
a four ester mixture, but instead uses the two “wrong” esters, that is, the two crossover 
red–blue combinations from Scheme 3.1, which have intermediate volatility. An outcome 
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of a reactive distillation in this case is essentially an ester transmutation experiment, in 
which two moderate-volatility esters quantitatively give rise to two different compounds, 
a highly volatile and a nonvolatile ester, and the high yields of this reaction are driven by 
fractional vacuum distillation. 
As many esters are pleasantly smelling (and essentially nontoxic) compounds7 
and some are even approved as food additives by the US Food and Drug Administration 
(FDA),8 we envisioned that an ester transmutation experiment could also proceed with a 
dramatic change in odors from the mixture of two starting esters to the two final products. 
Such an experiment would allow the change in the chemical composition to literally be 
smelled during the course of the reaction. To create such a scent transmutation 
experiment, all that was needed was a judicious choice of starting esters, so that they 
have easily identifiable aromas different from those of the product esters. 
In this chapter, we describe the use of the Ti(OBu)4-catalyzed transesterification 
in the synthesis of two ester products with different organoleptic properties from the two 
starting esters. We also demonstrate how the yields of the resulting products can be 
quantified by nuclear magnetic resonance (NMR) spectroscopy and gas chromatography 
(GC). This experiment illustrates several important experimental techniques and 
theoretical concepts: (1) fractional distillation, both at atmospheric and lowered pressure; 
(2) chemical equilibrium, exemplified by the Ti(OBu)4-catalyzed ester exchange; (3) 
ester organoleptic properties, and (4) the use of internal standard methods to quantify 
product yields using NMR spectroscopy and GC. This series of experiments would be 
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particularly suitable for organic chemistry students in their third and fourth years, who 
have already been exposed to the theory of esterification reactions. 
 
3.2 Results and Discussion 
The six scent transmutation experiments shown in Scheme 3.2 have been 
standardized. All of them employ commercially available and FDA-approved ester 
starting materials. The first five experiments (Scheme 3.2A–E) were performed under a 
reduced pressure, which can be achieved using a small vacuum pump, such as those used 
for rotary evaporators. The last experiment (Scheme 3.2F) utilized atmospheric pressure, 
but this distillation took significantly longer to complete. 
The very first experiment (Scheme 3.2A) will be used to illustrate the principles 
that guide all other reactive distillations presented here. The two starting esters were octyl 
acetate (96) and ethyl octanoate (106), with distinct aromas of apricot and melon, 
respectively. Equimolar amounts of these two esters were placed into a round-bottom 
distillation flask and exposed to 1.5 mol% of Ti(OBu)4 as the catalyst. The mixture was 
placed under vacuum and heating commenced. We found that the progress of reactive 
distillation was better followed by monitoring the temperature of the external heating oil 
bath, rather than the temperature of the vapors (as would be the case in a standard 
distillation). If the oil bath temperature is kept between 90 and 110 °C, only ethyl acetate 
(93) will distill out of the reaction mixture. After the distillation of this material was  
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Scheme 3.2 Ester Transmutation Experiments Performed in this Study (organoleptic 
properties of selected compounds are given next to their structures).  
complete (in approx. 3.5 h), the heating was stopped and the distillation setup was 
disassembled. Octyl octanoate (108) was the dominant component of the distillation 
residue. 
The two product compounds could be qualitatively identified by their smell. Ethyl 
acetate has an aroma that some liken to pineapple or pears, but it is also so frequently 
used in everyday life that describing its aroma as “nail polish remover” is probably more 
accessible to the undergraduate student population. Octyl octanoate (108), in contrast, has 
a heavy odor of coconut and is clearly distinct from the two starting materials.9 
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Following the qualitative identification of distillation products, their yields were 
quantified by a combination of NMR spectroscopy and GC. NMR quantification was 
performed in chloroform-d, using 1,3,5-trimethoxybenzene as the internal standard (with 
two diagnostic singlets at δ 6.04 and 3.73 ppm). Known (i.e., weighed) amounts of the 
distillate and the distillation residue were placed into two separate NMR tubes and then 
known (but not necessarily identical) amounts of the internal standard were added into 
each NMR tube. The tubes were filled with chloroform-d and the corresponding spectra 
were taken. From the relative integrations of the peaks associated with the internal 
standard and those associated with each of the esters, molar amounts of each ester in the 
entire distillate (or distillation residue) could be readily calculated (see Experimental 
Section further details). While both the distillate and the distillation residue consisted 
mostly of a single ester, these fractions also contained small amounts of other possible 
esters that could be quantified using NMR spectroscopy. If the multiple products present 
in the distillate or distillation residue differed in at least one peak in their NMR spectra, 
they could have been accurately quantified using NMR spectroscopy alone. As an 
example, the reaction shown in Scheme 3.2C resulted in a distillation residue which had 
diagnostic peaks at 7.67 ppm (doublet) and 3.82 ppm (singlet). While the former peak 
corresponded to a mixture of two possible cinnamates (117 and 119), the later was 
representative of only methyl cinnamate (117), and so the amount of pure 119 could have 
been deduced by subtracting the integral values of the two peaks. However, in cases 
where the overlap of the peaks was too extensive to permit full quantification, GC was 
used as the alternative quantification method. 
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Gas chromatographic quantification utilized dodecane as the internal standard. 
Since the relative integration in gas chromatography depends on the compound’s identity, 
correlation factors had to be elucidated for each individual ester. Specifically, a known 
amount of dodecane was mixed with five different known amounts of each of the 
corresponding esters. These mixtures were then injected into the gas chromatograph and 
the corresponding integrations of dodecane and the ester were compared to establish a 
correlation factor, which was averaged over five measurements at different 
concentrations (see Experimental Section for details). With gas chromatography, yields 
of esters could be determined even in cases where NMR spectroscopy proved 
problematic because of significant overlap among the peaks. 
If this procedure were to be used as a basis of a future laboratory experiment, 
some common problems should be anticipated during its execution. None of them 
presents a safety risk or jeopardizes the learning outcomes, but some advice on how to 
best handle such issues is appropriate. The first common problem could be the low yield 
of the distillate, often coupled with a highly impure distillation residue. This issue would 
suggest that the reactive distillation did not proceed to completion. The remainder of the 
experiment can still proceed as planned: the distillate should have clear olfactory 
properties that should allow its identification, although the residue will present a mixture 
of three odors and its qualification may prove ambiguous. The quantification part of the 
experiment can proceed without any problems. In fact, running a shorter (and incomplete) 
reactive distillation may be a practical way to fit this experiment into a shorter time slots, 
in situations where, for example, class scheduling may present some restrictions. Another 
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potential problem may be the occurrence of impure distillate and/or distillation residue. 
This would suggest that the distillation was too fast, removing not only the most volatile 
but also one (or both) of the “crossover” esters of intermediate volatility. The solution 
here is obvious: lower the temperature of the oil bath. However, while qualification of 
odors in this case is very likely to fail, quantification can still proceed without significant 
modifications to the procedure. Finally, it may be challenging for students, and even 
more experienced chemists, to accurately describe odors of individual esters.9 
For the full separation during the course of reactive distillation, the experiments 
shown in Scheme 3.2A–D require 3.5 h, and those in Scheme 3.2E–F require more than 
20 h. The last two experiments are significantly longer than the typical organic laboratory 
period in US universities (∼4 h). Thus, only the first four reactive distillations would be 
suitable for adaptation into hands-on experiments; the last two could be performed in the 
form of demonstrations, if needed. 
 
3.3 Conclusions and Outlook 
In summary, the scent transmutation protocol presented in this article constitutes a 
simple way to simultaneously teach students about several experimental techniques and 
fundamental concepts. First, it teaches how to perform vacuum distillation, a skill that 
many incoming graduate students in Chemistry PhD programs appear to lack. Second, it 
demonstrates the pleasant olfactory properties of many esters and highlights the fact that 
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these are used in the flavoring of foods. From a fundamental perspective, this procedure 
reinforces the concepts of equilibrium, Le Châtelier’s principle, and the law of mass 
action. Additionally, it demonstrates how these principles can yield dynamic 
combinatorial libraries capable of adapting to external pressures through changes in their 
chemical composition. Finally, we hope that the industrially relevant process of reactive 
distillation can be brought closer to undergraduate students and hopefully encourage 
them to look for further connections between the principles they learn in classrooms and 
industrial processes that yield products that surround them.  
 
3.4 Experimental Section 
3.4.1 General Methods 
NMR spectra were obtained on a JEOL ECA-500 spectrometer, with working 
frequency of 500 MHz for 1H nuclei and 125 MHz for 13C nuclei. 1H NMR chemical 
shifts are reported in ppm units relative to the residual signal of the solvent (CDCl3: 7.25 
ppm). All NMR spectra were recorded at 25°C, and 13C NMR spectra were recorded with 
simultaneous decoupling of 1H nuclei. Compound 1,3,5-trimethoxybenzene (Alfa Aesar, 
99%) was utilized as the internal standard for the calculations of yields of different esters 
on the basis of integration of 1H NMR spectra of distillates and distillation residues. Gas 
chromatography was performed using GC-2010 Shimadzu gas chromatograph. The 
temperature program that was used for all characterizations started with (1) constant 
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temperature of 50 °C for 1 min, followed by (2) monotonous temperature increase from 
50 to 270 °C within 4 min, and finally (3) constant temperature of 270 °C for 10 min. 
Dodecane (Alfa Aesar, 99%) was utilized as an internal standard for the calculation of 
yields based on the integration of gas chromatograms.  
Three methods were used for the reactive distillation of ester mixtures. The first 
method was employed for the first four distillations (Scheme 3.2A–D in the introduction); 
the second method was used for the fifth distillation (Scheme 3.2E in the introduction), 
while the third method was utilized for the last of the reactive distillations (Scheme 3.2F 
in the introduction). 
Method 1 
Two intermediate volatility esters (30.0 mmol of each) were placed into an oven-
dried 100-mL two-neck round bottom flask equipped with a magnetic stir bar. The flask 
was flushed with nitrogen and connected to a 100-mm long vacuum-jacketed Vigreux 
column topped with a short-path distillation head. A round bottom receiving flask was 
connected to the distillation head and the entire setup connected to a vacuum pump. Then, 
1.5 mol% of Ti(OBu)4 was added to the distillation flask through the second unutilized 
neck. The second neck was stoppered, the vacuum pump was turned on, and the oil bath 
was heated to the requisite temperature (see individual experiments for details). The 
reaction flask was lowered into the oil bath and heated for 3.5 h. The vacuum pump was 
turned off and the gas inlet adaptor on the side arm was carefully opened. The distillation 
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apparatus was disconnected and the amounts of the residue and the distillate were 
separately weighed.  
Method 2 
Two intermediate volatility esters (30.0 mmol of each) were placed into an oven-
dried 100-mL two-neck round bottom flask equipped with a magnetic stir bar. The flask 
was flushed with nitrogen and then connected to a 100-mm long vacuum-jacketed 
Vigreux column topped with a short-path distillation head. A round bottom receiving 
flask was also connected to the distillation head and the entire setup connected to a 
vacuum pump. Then, 2.5 mol% of Ti(OBu)4 was added to the distillation flask through 
the second unutilized neck. The second neck was stoppered and the flask was lowered 
into the oil bath. The vacuum pump and the hot plate were turned on and the oil bath was 
heated to 80 °C. Temperature of the oil bath was increased by 5 °C every one hour from 
until 125 °C, and was then maintained at 125 °C for 14 h. The reaction was stopped after 
23 h. The vacuum pump was turned off and the gas inlet adaptor on the side arm was 
carefully opened. The distillation apparatus was disconnected and the amounts of the 
residue and the distillate were separately weighed.  
Method 3 
Two intermediate volatility esters (30.0 mmol of each) were placed into an oven-
dried 50-mL two-neck round bottom flask equipped with a magnetic stir bar. The flask 
was flushed with nitrogen and then connected to a short-path distillation head. A 25-mL 
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round bottom receiving flask was connected to the distillation head. Then, 2.5 mol% of 
Ti(OBu)4 was added to the distillation flask through the second unutilized neck. The 
second neck was stoppered, the reaction flask lowered into the oil bath, and the heating 
commenced. The oil bath was heated to 110 °C first, and then its temperature was 
increased by 5 °C every two hours, until the temperature reached 130 °C. The oil bath 
was maintained at 130 °C for 12 h. Then, temperature was again increased by 5 °C every 
2 h until it reached 155 °C, where it was again maintained for 12 h. Finally, temperature 
was increased to 165 °C over 2 h. The reaction was stopped after 46 h of additional 
heating. The heating was disconnected, distillation apparatus disassembled, and the 
amounts of the residue and the distillate were separately weighed.  
 
Figure 3.1 General setup used for the scent transmutation reactions. 
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B     distillation flask
C     distillation head
D     to vacuum
E     cold trap
F     receiving flask
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H
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3.4.2 Ethyl Acetate (93) and Octyl Octanoate (108) 
 
Distillate was isolated in the amount of 2.31 g, with compound 93 as the principal 
component. Compound 93: 1H NMR (CDCl3): 4.10 (q, 3J=6.8 Hz, 2H), 2.00 (s, 3H), 1.23 
(t, 3J=6.8 Hz, 3H) ppm. 13C NMR (CDCl3): 171.2, 60.4, 21.1, 14.2 ppm. Spectral data 
agree with a literature report.10 
Distillation residue was isolated in the amount of 6.90 g, with compound 108 as 
the principal component. Compound 108: 1H NMR (CDCl3): 4.04 (t, 3J=6.8 Hz, 2H), 
2.27 (t, 3J=7.5 Hz, 2H), 1.63–1.57 (m, 4H), 1.34–1.23 (m, 18H), 0.87 (t, 3J=7.5 Hz, 6H) 
ppm. 13C NMR (CDCl3): 174.08, 64.47, 34.49, 31.87, 31.76, 29.30, 29.28, 29.20, 29.02, 
28.74, 26.02, 25.11, 22.73, 22.68, 14.16, 14.14 ppm. Spectral data agree with a previous 
literature report.11 
Calculation of the Yield of 93 Based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (52.9 mg, 0.311 mmol) was added to a 
602 mg aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 3.2), the number of moles of 93 was calculated to be 0.311 mmol × 12.08 ÷ (2/3) 
= 5.635 mmol. Thus, the total number of moles of 93 in the distillate was 5.635 mmol × 
2.80 g ÷ 0.602 g = 26.2 mmol, corresponding to the yield of 93 of 26.2 mmol ÷ 30.0 
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mmol × 100% = 87%. Minor fractions were not quantified because of the extensive 
overlap of their 1H NMR spectral peaks. 
Yield of 108 was calculated from gas chromatography data, as described below. 
Calculation of the Yield of 108 Based on the Integration of GC Peaks 
For the purpose of quantification of yield of 108, we determined a response factor 
(F) for this ester with respect to dodecane, which was used as GC internal standard. The 
area of ester signal / mass of ester = F × area of standard signal / mass of standard. That 
is, ae / me = F × as / ms. Therefore, ae and me of a pure sample of 108 and as and ms of GC 
internal standard (dodecane) were used to calculate F value. Five independent 
determinations of the F value were performed (0.787, 0.792, 0.760, 0.799, 0.803), 
yielding an average F = 0.788. This value was then used to calculate the amount of 108 in 
the distillation residue of this reactive distillation (Figure 3.3). A 39.5 mg aliquot of the 
distillation residue was added to a glass vial, followed by addition of dodecane (19.3 mg) 
and THF (3 mL) as the solvent. The mixture was subjected to gas chromatography using 
the temperature program described in the General Methods section. From the integration, 
mass of 108 could be calculated as me = (ae × ms) / (as × F) = (15921215 × 19.3 mg) / 
(11439130 × 0.788) = 34.1 mg. The total mass of 108 in the distillation residue was 34.1 
mg × 8.0 g ÷ 39.5 mg = 6.90 g. The yield of 108 is 6.90 g ÷ 256.42 g mol−1 ÷ 30.0 mmol 
× 100% = 90%. 
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Figure 3.2 1H NMR spectra of the starting mixture (bottom) of esters 96 and 106, and the 
distillate (middle) and distillation residue (top) after the scent transmutation of that 
mixture. 
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Figure 3.3 Gas chromatogram of the distillation residue from the scent transmutation of 
an equimolar mixture of 96 and 106, with internal standard (dodecane) added for 
calibration. THF was used as the solvent. 
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3.4.3 Ethyl Acetate (93) and Phenylethyl Phenylacetate (116) 
 
Distillate was isolated in the amount of 2.19 g, with compound 93 as the principal 
component. Compound 93: 1H NMR (CDCl3): 4.10 (t, 3J=7.5 Hz, 2H), 2.02 (s, 3H), 1.23 
(t, 3J=7.5 Hz, 3H) ppm. 13C NMR (CDCl3): 171.16, 60.41, 21.05, 14.21 ppm. Spectral 
data agree with a literature report.10 
Distillation residue was isolated in the amount of 6.10 g, with compound 116 as 
the principal component. Compound 116: 1H NMR (CDCl3): 7.33–7.14 (m, 10H), 4.31 (t, 
3J=7.5 Hz, 2H), 3.60 (s, 2H), 2.92 (t, 3J=6.9 Hz, 2H) ppm. 13C NMR (CDCl3): 171.62, 
137.87, 134.12, 129.42, 129.06, 128.69, 128.60, 127.19, 126.66, 65.47, 41.56, 35.16 ppm. 
Spectral data agree with a previous literature report.10 
Calculation of the Yield of 93 Based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (61.9 mg, 0.364 mmol) was added to a 
576 mg aliquot of the first distillate. From their relative integrals in the 1H NMR 
spectrum (Figure 3.4), the number of moles of 93 was calculated to be 0.364 mmol × 
9.36 ÷ (2/3) = 5.111 mmol. Thus, the total number of moles of 93 in the first distillate 
was 5.111 mmol × 2.80 g ÷ 0.576 g = 24.845 mmol, corresponding to the yield of 93 of 
24.845 mmol ÷ 30.0 mmol × 100% = 83%.  
Yield of 116 was calculated from gas chromatography data, as described below. 
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Calculation of the Yield of 116 Based on the Integration of GC Peaks 
For the purpose of quantification of yield of 116, we determined a response factor 
(F) for this ester with respect to dodecane, which was used as GC internal standard. The 
area of ester signal / mass of ester = F × area of standard signal / mass of standard. That 
is, ae / me = F × as / ms. Therefore, ae and me of a pure sample of 116 and as and ms of GC 
internal standard (dodecane) were used to calculate F value. Five independent 
determinations of the F value were performed (0.867, 0.874, 0.862, 0.863, 0.864), 
yielding an average F = 0.866. This value was then used to calculate the amount of 116 in 
the distillation residue of this reactive distillation (Figure 3.5). A 50.5 mg aliquot of the 
distillation residue was added to a glass vial, followed by addition of dodecane (19.6 mg) 
and THF (3 mL) as the solvent. The mixture was subjected to gas chromatography using 
the temperature program described in the General Methods section. From the integration, 
mass of 116 could be calculated as me = (ae × ms) / (as × F) = (20291213 × 19.6 mg) / 
(11103612 × 0.866) = 41.4 mg. The total mass of 116 in the distillation residue was 41.4 
mg × 7.5 g ÷ 50.5 mg = 6.10 g. The yield of 116 is 6.10 g ÷ 240.30 g mol−1 ÷ 30.0 mmol 
× 100% = 85%.  
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Figure 3.4 1H NMR spectra of the starting mixture (bottom) of esters 114 and 115, and 
the distillate (middle) and distillation residue (top) after the scent transmutation of that 
mixture. 
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Figure 3.5 Gas chromatogram of the distillation residue from the scent transmutation of 
an equimolar mixture of 114 and 115, with internal standard (dodecane) added for 
calibration. THF was used as the solvent. 
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3.4.4 Methyl Acetate (118) and Phenylethyl Cinnamate (119) 
 
Distillate was isolated in the amount of 2.16 g, with compound 118 as the 
principal component. Compound 118: 1H NMR (CDCl3): 3.63 (s, 3H), 2.02 (s, 3H) ppm. 
13C NMR (CDCl3): 171.48, 51.54, 20.61 ppm. Spectral data agree with a previous 
literature report.12  
Distillate was isolated in the amount of 7.29 g, with compound 119 as the 
principal component. Compound 119: 1H NMR (CDCl3): 7.67 (d, 3J=16.1 1H), 7.53–7.24 
(m, 10H), 6.45 (d, 3J=16.1 1H), 4.43 (t, 3J=7.5 Hz, 2H), 3.03 (t, 3J=6.9 Hz, 2H) ppm. 13C 
NMR (CDCl3): 167.01, 144.99, 138.01, 134.50, 130.43, 129.08, 129.01, 128.66, 128.22, 
126.71, 118.16, 65.15, 35.33 ppm. Spectral data agree with a previous literature report.13 
Calculation of the Yields of 118 and 119 Based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (45.8 mg, 0.270 mmol) was added to a 
672 mg aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 3.6), the number of moles of 118 was calculated to be 0.270 mmol × 31.5 ÷ 1 = 
8.51 mmol. Thus, the total number of moles of 118 in the first distillate was 8.51 mmol × 
2.30 g ÷ 0.672 g = 29.1 mmol, corresponding to the yield of 118 of 29.1 mmol ÷ 30.0 
mmol × 100% = 97%.  
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Internal standard 1,3,5-trimethoxybenzene (47.8 mg, 0.281 mmol) was added to 
an 818 mg aliquot of the residue. From their relative integrals in the 1H NMR spectrum 
(Figure 3.6), the number of moles of 119 was calculated to be 0.281 mmol × (4.21 – 1.02 
÷ 3) ÷ (1/3) = 3.038 mmol. Thus, the total number of moles of 119 in the first distillate 
was 3.038 mmol × 7.8 g ÷ 0.819 g = 28.9 mmol, corresponding to the yield of 119 of 
28.9 mmol ÷ 30.0 mmol × 100% = 96%. 
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Figure 3.6 1H NMR spectra of the starting mixture (bottom) of esters 114 and 117, and 
the distillate (middle) and distillation residue (top) after the scent transmutation of that 
mixture. 
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3.4.5 Ethyl Isovalerate (121) and Phenylethyl Phenylacetate (116) 
 
Distillate was isolated in the amount of 3.61 g, with compound 121 as the 
principal component. Compound 121: 1H NMR (CDCl3): 4.11 (q, 3J=7.4 Hz, 2 H), 2.16 
(d, J=6.8 Hz, 3 H), 2.11–2.05 (m, 1 H), 1.23 (t, 3J=7.5 Hz, 3 H), 0.94 (d, 3J=6.3 Hz, 6 H) 
ppm. 13C NMR (CDCl3): 173.22, 60.10, 43.53, 25.76, 22.42, 14.32 ppm. Spectral data 
agree with a previous literature report.14 
Distillation residue was isolated in the amount of 5.75 g, with compound 116 as 
the principal component. Compound 116: 1H NMR (CDCl3): 7.33–7.15 (m, 10H), 4.32 (t, 
3J=7.5 Hz, 2H), 3.61 (s, 2H), 2.93 (t, 3J=6.9 Hz, 2H) ppm. 13C NMR (CDCl3): 171.62, 
137.87, 134.12, 129.42, 129.06, 128.69, 128.60, 127.19, 126.66, 65.47, 41.56, 35.16 ppm. 
Spectral data agree with a previous literature report.10 
Calculation of the of Yield of 121 Based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (73.6 mg, 0.433 mmol) was added to a 
651 mg aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 3.7), the number of moles of 121 was calculated to be 0.433 mmol × 7.32 ÷ (2/3) 
= 4.754 mmol. Thus, the total number of moles of 121 in the first distillate was 4.754 
mmol × 3.8 g ÷ 0.651 g = 27.750 mmol, corresponding to the yield of 121 of 27.750 
mmol ÷ 30.0 mmol × 100% = 93%.  
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Calculation of the Yield of 116 Based on the Integration of GC Peaks 
For the purpose of quantification of yields of 116, we determined response factors 
(F) for this ester with respect to dodecane as the GC internal standard. The area of ester 
signal / mass of ester = F × area of standard signal / mass of standard. That is, ae / me = F 
× as / ms. Therefore, ae and me of a pure samples of 116 and as and ms of GC internal 
standard (dodecane) were used to calculate F value. Five independent determinations of 
the F value were performed for 116 (0.867, 0.874, 0.862, 0.863, 0.864), yielding an 
average F = 0.866 for 116. This value was then used to calculate the amounts of 116 in 
the distillate and distillation residue of this reactive distillation (Figures 3.8). A 48.0 mg 
aliquot of the distillation residue was added to a glass vial, followed by addition of 
dodecane (20.0 mg) and THF (3 mL) as the solvent. The mixture was subjected to gas 
chromatography using the temperature program described in the General Methods section. 
From the integration, mass of 116 could be calculated as me = (ae × ms) / (as × F) = 
(18483051 × 20.0 mg) / (12233856 × 0.866) = 34.9 mg. The total mass of 116 in the 
distillation residue was 34.9 mg × 7.9 g ÷ 48.0 mg = 5.75 g. The yield of 116 is 5.75 g ÷ 
240.30 g mol−1 ÷ 30.0 mmol × 100% = 80%. 
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Figure 3.7 1H NMR spectra of the starting mixture (bottom) of esters 120 and 115, and 
the distillate (middle) and distillation residue (top) after the scent transmutation.  
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Figure 3.8 Gas chromatogram of the distillation residue from the scent transmutation of 
an equimolar mixture of 120 and 115, with internal standard (dodecane) added for 
calibration. THF was used as the solvent. 
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3.4.6 Isoamyl Acetate (123) and Phenylethyl Isovalerate (124) 
 
Distillate was isolated in the amount of 1.70 g, with compound 123 as the 
principal component. Compound 123: 1H NMR (CDCl3): 4.06 (t, 3J=6.9 Hz, 2H), 2.01 (s, 
3H), 1.70–1.62 (m, 1H), 1.51 (dd, 3J=6.9 Hz, 2H), 0.90 (d, 3J=6.9 Hz, 6H) ppm. 13C 
NMR (CDCl3): 171.27, 63.17, 37.34, 25.07, 22.48, 21.05 ppm. Spectral data agree with a 
previous literature report.14 
Distillation residue was isolated in the amount of 2.60 g, with compound 124 as 
the principal component. Compound 124: 1H NMR (CDCl3): 7.32–7.21 (m, 5H), 4.29 (t, 
3J=7.5 Hz, 2H), 2.94 (t, 3J=6.9 Hz, 2H), 2.16 (d, 2H), 2.10–2.04 (m, 1H), 0.91 (d, 6H) 
ppm. 13C NMR (CDCl3): 173.18, 138.00, 129.00, 128.57, 126.63, 64.73, 43.52, 35.27, 
25.76, 22.49 ppm. Spectral data agree with a previous literature report.15 
Calculation of the Yields of 123 and 124 based on the Integration of GC Peaks 
For the purpose of quantification of yields of 123 and 124, we determined 
response factors (F) for these esters with respect to dodecane as the GC internal standard. 
The area of ester signal / mass of ester = F × area of standard signal / mass of standard. 
That is, ae / me = F × as / ms. Therefore, ae and me of a pure samples of 123 and 124 and 
as and ms of GC internal standard (dodecane) were used to calculate F value. Five 
independent determinations of the F value were performed for 123 (0.615, 0.613, 0.611, 
O
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80–125 °C / 23 h
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0.621, 0.619), yielding an average F = 0.616 for 123. Five independent determinations of 
the F value were performed for 124 (0.787, 0.802, 0.811, 0.815, 0.814), yielding an 
average F = 0.806 for 124. This value was then used to calculate the amounts of 123 and 
124 in the distillate and distillation residue of this reactive distillation (Figures 3.9 and 
3.10, respectively). A 42.3 mg aliquot of the distillate was added to a glass vial, followed 
by addition of dodecane (30.1 mg) and THF (3 mL) as the solvent. The mixture was 
subjected to gas chromatography using the temperature program described in the General 
Methods section. From the integration, mass of 123 could be calculated as me = (ae × ms) 
/ (as × F) = (12375559 × 30.1 mg) / (16936985 × 0.616) = 35.7 mg. The total mass of 123 
in the distillation residue was 35.7 mg × 2.01 g ÷ 42.3 mg = 1.70 g. The yield of 123 is 
1.70 g ÷ 130.18 g mol−1 ÷ 15.0 mmol × 100% = 87%. 
A 44.2 mg aliquot of the distillation residue was added to a glass vial, followed by 
addition of dodecane (30.7 mg) and THF (3 mL) as the solvent. The mixture was 
subjected to gas chromatography using the temperature program described in the General 
Methods section. From the integration, mass of 124 could be calculated as me = (ae × ms) 
/ (as × F) = (16178325 × 30.7 mg) / (17836124 × 0.806) = 34.5 mg. The total mass of 124 
in the distillation residue was 34.5 mg × 3.3 g ÷ 44.2 mg = 2.58 g. The yield of 124 is 
2.58 g ÷ 206.28 g mol−1 ÷ 15.0 mmol × 100% = 83%. 
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Figure 3.9 Gas chromatogram of the distillation distillate from the scent transmutation of 
an equimolar mixture of 114 and 122, with internal standard (dodecane) added for 
calibration. THF was used as the solvent. 
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Figure 3.10 Gas chromatogram of the distillation residue from the scent transmutation of 
an equimolar mixture of 114 and 122, with internal standard (dodecane) added for 
calibration. THF was used as the solvent. 
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3.4.7 Ethyl Acetate (93) and Isoamyl Isovalerate (122) 
 
Distillate was isolated in the amount of 2.46 g, with compound 93 as the principal 
component. Compound 93: 1H NMR (CDCl3): 4.09 (q, 3J=6.8 Hz, 2H), 2.00 (s, 3H), 1.22 
(t, 3J=6.8 Hz, 3H) ppm. 13C NMR (CDCl3): 171.16, 60.40, 21.03, 14.20 ppm. Spectral 
data agree with a literature report.10 
Distillate was isolated in the amount of 4.40 g, with compound 122 as the 
principal component. Compound 122: 1H NMR (CDCl3): 4.08 (t, 3J=6.8 Hz, 2H), 2.17 (d, 
J=6.9 Hz, 2H), 2.11–2.07 (m, 1H), 1.70–1.65 (m, 2H), 1.51 (dd, J=6.8 Hz, 1H), 0.94 (d, 
J=6.8 Hz, 6H), 0.91 (d, J=6.8 Hz, 6H) ppm. 13C NMR (CDCl3): 173.34, 62.86, 43.60, 
37.44, 25.80, 25.12, 22.51, 22.46 ppm. Spectral data agree with a previous literature 
report.10  
Calculation of the Yield of 93 Based on the Integration of 1H NMR Spectra 
Internal standard 1,3,5-trimethoxybenzene (51.1 mg, 0.301 mmol) was added to a 
407 mg aliquot of the distillate. From their relative integrals in the 1H NMR spectrum 
(Figure 3.11), the number of moles of 93 was calculated to be at least 0.301 mmol × [9.2 
– (0.76 ÷ 3)] ÷ (2/3) = 4.04 mmol. Thus, the total number of moles of 93 in the distillate 
was 4.04 mmol × 2.62 g ÷ 0.407 g = 26.1 mmol, corresponding to the yield of 93 of 26.1 
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mmol ÷ 30.0 mmol × 100% = 87%. Minor fractions were not quantified because of the 
extensive overlap of their 1H NMR spectral peaks. 
Calculation of the Yield of 122 based on the Integration of GC Peaks 
For the purpose of quantification of yields of 122, we determined response factors 
(F) for these esters with respect to dodecane as the GC internal standard. The area of 
ester signal / mass of ester = F × area of standard signal / mass of standard. That is, ae / 
me = F × as / ms. Therefore, ae and me of a pure samples of 122 and as and ms of GC 
internal standard (dodecane) were used to calculate F value. Five independent 
determinations of the F value were performed for 122 (0.709, 0.717, 0.708, 0.713, 0.713), 
yielding an average F = 0.712 for 122. This value was then used to calculate the amounts 
of 122 in the distillate and distillation residue of this reactive distillation (Figures 3.12). A 
484 mg aliquot of the distillation residue was added to a glass vial, followed by addition 
of dodecane (31.6 mg) and THF (3 mL) as the solvent. The mixture was subjected to gas 
chromatography using the temperature program described in the General Methods section. 
From the integration, mass of 116 could be calculated as me = (ae × ms) / (as × F) = 
(14947710 × 31.6 mg) / (17726517 × 0.712) = 37.4 mg. The total mass of 122 in the 
distillation residue was 37.4 mg × 5.7 g ÷ 48.4 mg = 4.40 g. The yield of 116 is 4.40 g ÷ 
172.26 g mol−1 ÷ 30.0 mmol × 100% = 85%. 
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Figure 3.11 1H NMR spectra of the starting mixture (bottom) of esters 123 and 121, and 
the distillate (middle) and distillation residue (top) after the scent transmutation of that 
mixture. 
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Figure 3.12 Gas chromatogram of the distillation residue from the scent transmutation of 
an equimolar mixture of 123 and 121, with internal standard (dodecane) added for 
calibration. THF was used as the solvent. 
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Chapter Four Cyclotribenzoin and Cyclotetrabenzoin: Synthesis and Gas 
Adsorption Studies1 
 
4.1 Introduction 
Chemistry of macrocycles has evolved into a broad research area that spans the 
fields of organic, inorganic, and supramolecular chemistry.2 To list just a handful of 
applications, macrocycles play a role in studies of aromaticity,3 porous materials,4 and 
supramolecular binding.2 Shape-persistent macrocycles and cages5 have in particular 
been the subject of much attention as components of ordered three- (porous materials),6 
two- (assemblies at liquid-solid interfaces), 7  and one- (organic nanowires and 
nanofibrils)8 dimensional functional ensembles. At the same time, macrocyclic molecules 
still present a synthetic challenge: macrocyclization reactions are entropically 
unfavorable, an obstacle that often has to be circumvented through long and indirect 
synthetic routes. The few macrocycle classes that are easily synthesized or obtained from 
nature—such as cyclodextrins9 or cucurbituril10—present challenges in terms of selective 
derivatization. Because of these two factors, synthetic research on macrocycles is still an 
active area; for example, the recent dramatic ascent of pillarenes11 happened in large part 
due to their facile synthesis, which—coupled with easy preparation of derivatives—
presented the supramolecular chemistry community with a class of receptors that could 
be easily diversified. Additionally, the use of DCC12 allowed error-correction in the 
preparation of thermodynamically stabilized species and opened up faster routes to 
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macrocycles and cages based on imine,6h–o,8c,d  boronate ester,6f,g alkyne,13 and boroxine14 
functionalities. In this chapter, we demonstrate arguably the shortest route to two 
macrocycle ornamented with multiple oxygen-based functional groups through  benzoin 
condensation of isophthaldehyde (125) and terephthaldehyde (126).  
Benzoin condensation (term condensation is purely historic, as no small molecule 
is eliminated in this addition reaction) was discovered by Liebig and Wöhler during their 
work on bitter almond oil. In recent years, this reaction has been utilized in the synthesis 
of pharmaceutical precursors and microporous organic polymers; enantioselective 
versions have also been developed. The first attempts to extend benzoin condensation to 
more complex dialdehyde precursors were performed early in the development of this 
reaction. Benzoin condensation of 126 was first examined by Grimaux in 1876 and then 
revisited by Oppenheimer (1886), as well as by Jones and Tinker (1955). These studies 
concluded that only polymeric products were formed. Isomeric 125 was also reported to 
yield only polymeric benzoin adducts. We report here, however, that 125 and 126 can be 
converted into a single macrocyclic timer and tetramer, which we propose to name 
cyclotribenzoin (127) and cyclotetrabenzoin (129).  
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4.2 Results and Discussion 
4.2.1 Synthesis of Compounds 127, 128, and 129 
We revisited the reaction of 125 with NaCN (Scheme 4.1), and found that the 
outcome of this reaction depends on the solvent and concentration of 125. We were 
pleasantly surprised to observe that heating of 125 with NaCN at reflux in 1:1 mixtures of 
H2O with either MeOH, EtOH, or t-BuOH resulted in the predominant formation of 
trimer 127. This trimer conveniently precipitated from the solution if the starting 
concentration of 125 was 0.5 M. At higher concentrations of 125, mixtures of 127 with 
other noncyclic oligomers and insoluble (presumed) polymers were obtained, and similar 
results were observed if the reaction mixtures were not heated. Alcoholic solvents appear 
essential for the success of this reaction, as switching to 1,4-dioxane/H2O solvent 
combination completely suppressed the reaction, while the use of ethylene glycol as 
solvent led to the formation of mixtures. Ultimately, reaction in EtOH/H2O mixture was 
chosen as the most convenient and was optimized to produce 127 in 41% yield after 
recrystallization from 2-methoxyethanol. While this yield is moderate, one-step synthesis 
and low cost of isophthaldehyde mean that 127 can easily be prepared on multigram scale 
(up to 80 mmol scale).  
To circumvent the problems associated with the poor solubility of 127 in common 
organic solvents, we converted it into a t-butyldimethylsilyl (TBDMS) derivative 128 by 
treatment with TBDMS–Cl in CH2Cl2 (Scheme 4.1). As anticipated, this derivative is 
significantly more soluble in most organic solvents. This increased solubility allowed us 
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to probe its conformational flexibility using variable-temperature NMR spectroscopy. 
Upon cooling to −85 °C in CD2Cl2, no decoalescence of peaks was observed, although 
some shifting of peak positions was observed—possibly suggesting aggregation or 
changes in intermolecular hydrogen bonding configurations. 
 
Scheme 4.1 Synthesis of cyclotribenzoin 127 and its silylated derivative 128. Both 
enantiomers of 127 and 128 are produced.  
Exposure of 126 to NaCN in a 1:1 mixture of EtOH and H2O (Scheme 4.2) 
resulted in a complex mixture of benzoin condensation products in solution, as well as in 
the formation of some insoluble materials (which we again presumed to be polymeric). 
Mass spectrometry suggested the presence of a tetramer of 126 in the soluble fraction, 
and we suspected that the tetrameric compound could be 129 (or its diastereomers). 
Unfortunately, we could not optimize this reaction to exclusively yield 129, and the high 
polarity of the obtained products made their separation by column chromatography 
impractical. Switching the reaction solvent to a 1:1 mixture of 2-methoxyethanol and 
H2O, and lowering the concentration of 126 to 0.167 M, resulted, however, in the 
formation of a precipitate consisting almost entirely of the tetramer. Recrystallization 
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from DMSO/MeOH produced pure 129 in 21% yield, and allowed us to confirm its 
structure using standard spectroscopic tools. 
 
Scheme 4.2 Synthesis of cyclotetrabenzoin 129. 
 
4.2.2 X-Ray Crystal Structure Analysis of Compound 127 
Compound 127 is a white powder, soluble in DMSO, 2-methoxyethanol, THF, 
1,4-dioxane, nitrobenzene, and DMF. It is insoluble in H2O, acetone, MeCN, EtOAc, 
MeOH, EtOH, Et2O, as well as in hydrocarbon and chlorinated hydrocarbon solvents. 
Diffraction-quality single crystals of macrocycle 127 were grown by vapor diffusion of 
CHCl3 into its solution in THF.15 It crystallizes in the R3 space group, with three 
molecules of 127 and three molecules of THF per unit cell. The THF molecules are 
disordered over three orientations. 
From its crystal structure, several structural features of cyclotribenzoin could be 
noticed. First, all three stereocenters have the same orientation (S in Figure 4.1), and 127  
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Figure 4.1 X-ray crystal structure of 127. On the left, a side view showing convergent 
positioning of six C–H bonds in a conical structure. On the right, a top down view of the 
macrocycle. Disordered THF molecules were removed for clarity. Thermal ellipsoids 
shown at 50% probability. Element colors: C—gray, O—red, H—white.  
crystallizes as a racemic twin, with the minor component having an occupancy of ~32%, 
which suggests that both enantiomers are present. Secondly, the molecule adopts a 
conical shape, where three aromatic rings define a cup-like cavity, orienting the six 
oxygen-based functionalities (three C=O and three O–H groups) away from it. It appears 
that this conical shape relieves all of the potential strain in the molecule, as all carbon 
atoms in 127 have bonding angles within ±2° of their idealized geometries. Finally, six 
C–H bonds—three coming from the arene rings and three from the C–H groups in the 
immediate neighborhood of the hydroxy groups—all appear to point to a single spot. This 
convergent positioning suggests that perhaps 127 and its derivatives could be used as 
receptors for anions based on [C–H···anion] interactions.16 
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Figure 4.2 Segment of a crystal packing diagram of 127, viewed along the 
crystallographic c axis. Hydrogen atoms and disordered THF molecules were removed 
for clarity. Element colors: C—gray, O—red, H—white.  
Crystal packing diagram of 127 is shown in Figure 4.2. Within the a–b 
crystallographic plane, molecules of 127 orient parallel to each other. Along the c axis, 
they similarly stack in a parallel orientation. Each molecule of 127 establishes twelve 
short [C–H···O] contacts (H···O distances between 2.50 and 2.60 Å) with twelve of its 
neighbors. Specifically, on each benzene ring of 127, the hydrogen positioned ortho 
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relative to the carbonyl group establishes a short contact with a carbonyl oxygen from a 
neighboring molecule. Similarly, the hydrogen positioned meta to the carbonyl group has 
contact with the hydroxyl oxygen atoms from three neighboring molecules. As this 
relationship is reciprocal, C=O and O–H groups from the “other side” of 127 establish 
short contacts with C–H groups from six additional molecules of 127.  
 
4.2.3 X-Ray Crystal Structure Analysis of Compound 129 
Compound 129 is an off-white powder, soluble in DMSO and slightly soluble in 
1,4-dioxane. It is insoluble in H2O, acetone, MeCN, EtOAc, MeOH, EtOH, Et2O, 2-
methoxyethanol, THF, as well as in hydrocarbon and chlorinated hydrocarbon solvents.  
Single crystals of 129 suitable for X-ray diffraction analysis were grown by slow 
vapor diffusion of MeOH into a dilute DMSO solution of 129. Compound 129 crystalizes 
in the tetragonal space group with P421c two molecules in the unit cell. The four 
stereocenters of 129 have R, S, R, S configurations. Curiously, the molecule is achiral—
even though it lacks symmetry planes—on account of the existence of an S4 axis that 
passes through the central cavity. The molecule adopts a roughly square shape (Figure 
4.3 left), with four benzene rings acting as the sides of the square. A central cavity is 
clearly discernible: it has dimensions of 6.9×6.9 Å, defined as the distances between the 
centroids of two pairs of benzene rings on the opposite sides of the cyclotetrabenzoin 
molecule. Some twisting is observable in the planes of these benzene rings (Figure 4.3  
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Figure 4.3 X-ray crystal structure of 129. A top-down view of the tetramer, showing all 
α-hydroxyketone functional groups pointing away from the macrocycle cavity (left). A 
side view showing the twisted orientation of the benzene rings on the opposite sides of 
the square tetramer (right). Thermal ellipsoids shown at 50% probability. Element colors: 
C—gray, O—red, H—white.  
right), as they define a 40.8 ° angle with the benzene ring on the opposite side. From this 
perspective, it is also visible that the four α-hydroxyketone functionalities point away 
from the central cavity, a feature that plays a crucial role in the crystal packing of 129 
(vide infra, Figure 4.4). The molecule is not strained, as all carbon atoms in 129 have 
bonding angles within ±2° of their idealized geometries.  
The crystal packing diagram of 129 is shown in Figure 4.4. In the solid state, the 
key intermolecular interaction is a bifurcating hydrogen bond established between the  
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Figure 4.4 Crystal packing of 129. A: Two parallel columns of molecules of 129 
establish an infinite tape of hydrogen bonds, highlighted in green. Molecules on the left 
are colored by element, those on the right are colored to highlight separate nanotubes. B: 
Segment of the extended crystal structure of 129, viewed along the crystallographic c axis. 
This view of the structure shows the arrays of hydrogen bonded nanotubes, and the 
intrinsic pores of 129. Element colors: C—gray, O—red, H—white. 
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benzoin O–H hydrogen and oxygens from both the carbonyl (C=O; O···H distance 2.11 
Å)17 and hydroxyl groups (O–H; O···H distance 2.16 Å) in the neighboring molecule of 
129. Each macrocycle acts as both a hydrogen bond donor and acceptor, resulting in an 
infinite “tape” of hydrogen bonds along the crystallographic c axis (highlighted in green 
in Figure 4.4A). This relationship is repeated four times on all four sides of the 
macrocycle. When viewed along the crystallographic c axis, this arrangement results in a 
remarkably ordered square grid (Figure 4.4B), wherein individual molecules of 129 are 
stacked perfectly on top of each other, resulting in square-shaped nanotubes. These 
nanotubes are then bundled through hydrogen bonds established between edge benzoin 
functionalities. Notably, the strong [O–H···O] hydrogen bonds are established between 
molecules from adjacent nanotubes. Molecules within each individual nanotube engage 
in comparatively weaker [C–H···O] interactions between the benzoin carbonyl group 
(C=O) oxygen atoms and hydrogen atoms from the aromatic ring as well as the α-protons 
of benzoin functionality (with H···O distances between 2.40 and 3.00 Å). Single crystal 
X-ray diffraction also determined that no solvent molecules were present in the cavity.  
The extended structure of 129 (Figure 4.4B) is unique and important from several 
viewpoints. First, it is a rare example of an intrinsically porous organic molecule, 
organized into a crystal structure with 10% void volume.18 Secondly, its highly polar 
outside groups and nonpolar internal cavities could serve as interesting platforms for 
transport of species through crystals and membranes. Third, its infinitely hydrogen-
bonded nanotubular subunits may play a role in the development of novel ferroelectric 
materials.19 Finally, it is aesthetically pleasing, as its square-grid structure resembles that 
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of a well-planned city—in fact, it superimposes remarkably well onto the satellite image 
of Eixample, a district of Barcelona known for its visionary urban plan designed by 
Ildefons Cerdà (Figure 4.5).20,21 
 
Figure 4.5 The crystal structure packing of compound 129 superimposes the satellite 
image of Eixample.  
Macrocycle 129 is microcrystalline after recrystallization; the powder X-ray 
diffraction (PXRD) pattern of the as-synthesized 129 (Figure 4.7, bottom) is in excellent 
agreement with the PXRD pattern simulated from the single crystal X-ray data (Figure 
4.7, top).  
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4.2.4 Thermogravimetric Analysis of Compound 129 
The thermal stability of compound 129 was evaluated using thermogravimetric 
analysis (TGA) under N2, with a heating rate of 2 °C min−1. The TGA trace (Figure 4.6) 
shows no weight loss until approx. 250 °C. Between 250 and 320 °C, a small (<4%) 
weight loss is observed; this is followed by a rapid loss of approx. 14% of the original 
weight in the 320–360 °C range, and a relatively featureless TGA trace above 360 °C, 
likely indicative of full decomposition. As it is synthesized under aqueous conditions, 
cyclotetrabenzoin is obviously also stable to water.22 
 
4.2.5 Gas Adsorption Analysis of Compound 129 
Gas sorption of 129 was probed using N2 as the guest (degassing conditions: 160 
ºC, 15 h, under 10 µmHg). Based on the isotherm (Figure 4.8), the Brunauer-Emmett-
Teller (BET) and Langmuir surface areas of 129 were determined to be 42 and 52 m2g−1, 
respectively. The isotherm can be categorized as a hybrid between type I isotherm—
characteristic for microporous systems, and a small contribution from type II 
isotherm.6m,23 
 
4.3 Conclusions and Outlook 
In conclusion, cyclotribenzoin and cyclotetrabenzoin may be progenitors for an 
entire class of easily synthesized, shape-persistent, intrinsically porous all-organic 
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macrocycles. Its extensively oxygenated rim allows the molecule to engage in strong 
hydrogen bonds, which on one hand plays a role in its assembly in the solid state, and on 
the other could be utilized to bind discrete molecular guests. While cyclotetrabenzoin’s 
surface area is small, its chemical and thermal stability are superior to the previously 
reported intrinsically porous organic cages based on imine, boronate esters, and boroxine 
functional groups. Our present focus is on building an isoreticular series of analogs of 
127 and 129 by switching the central p-phenylene motif of terephthaldehyde for longer 
biphenylene- or triphenylene-based precursors. Results of these studies will be reported 
in due course.  
 
4.4 Experimental Section 
4.4.1 General Methods 
NMR spectra were obtained on JEOL ECX-400, ECA-500, and ECA 600 
spectrometers, with working frequencies (for 1H and 13C nuclei) of 400, 500, and 600 
MHz, respectively. 1H and 13C NMR chemical shifts are reported in ppm units relative to 
the residual signals of the solvents (1H: CDCl3, 7.26 ppm and DMSO-d6, 2.50 ppm; 13C: 
DMSO-d6, 39.5 ppm). All NMR spectra were recorded at 25 °C. Infrared spectra were 
recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrophotometer using Pike MIRacle 
Micrometer pressure clamp. UV-Vis spectra were recorded on a Perkin-Elmer Lambda 
25 UV-Vis spectrophotometer. TGA were carried out on a TA Instruments TGA 2050 
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thermogravimetric analyzer at a temperature ramping rate of 2 °C/min under the flow of 
N2 gas. PXRD data were collected at 25 °C on a Phillips X'pert Pro diffractometer. Single 
crystal XRD measurement was performed on a Bruker DUO platform diffractometer 
equipped with a 4K CCD APEX II detector and an Incoatec 30 Watt Cu microsource 
with compact multilayer optics (Compound 127). Single crystal XRD data was collected 
at ChemMatCARS beamline at Advanced Photon Source in Argonne National 
Laboratory (Compound 129). Simulated PXRD patterns were calculated with the 
Mercury software employing the structure model from the single crystal data obtained.  
 
4.4.2 Synthesis of Compound 127, 128, and 129 
4.4.2.1 Synthesis of Compound 127 
Isophthaldehyde (125, 684 mg, 5.10 mmol), EtOH (5 mL), and deionized H2O (5 
mL) were added to a round bottom flask equipped with a stirring bar, and the mixture 
was heated at reflux under nitrogen until all of 125 dissolved. At that time, NaCN (25 mg, 
0.51 mmol) was added into the round bottom flask, and continued heating for 48 h. The 
precipitate obtained was filtered and then washed with deionized H2O (10 mL), EtOH (10 
mL), and Et2O (10 mL). After recrystallization from 2-methoxyethanol, pure 127 was 
obtained (280 mg, 41%) as a white solid. Mp 245 °C (decomposition). UV/Vis (THF): 
λmax (log ε) = 248 (4.29), 288 (3.46) nm. IR (neat): 3456 (w, ῦO–H), 3070 (w, ῦC–H), 2925 
(w, ῦC–H), 1682 (s, ῦC=O), 1583 (s), 1432 (s), 1395 (s), 1274 (m), 1182 (m), 1083 (m), 796 
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(s), 743 (s), 692 (s) cm–1. 1H NMR (DMSO-d6, 400 MHz): δ 8.78 (s, 3H), 7.63 (d, 3JH–H = 
7.8 Hz, 3H), 7.45 (d, 3JH–H = 7.8 Hz, 3H), 7.35 (dd, 3JH–H = 7.8 and 7.3 Hz, 3H), 6.42 (d, 
3JH–H = 5.5 Hz, 3H), 6.01 (d, 3JH–H = 5.5 Hz, 3H) ppm. 13C NMR (DMSO-d6, 100 MHz): 
δ 198.4, 140.8, 134.9, 132.4, 130.2, 130.0, 128.2, 74.7 ppm. LRMS (ESI/[M–H]−): calcd 
for C24H18O6 401.11, found 401.13.  
Single crystal growth method: crude product (10 mg) was dissolved in THF (10 
mL) under heating. The resulting solution was cooled to 20 °C and filtered. The filtrate 
was added to five small vials (size: 0.8 mL) in different volumes from 0.1 to 0.5 mL 
separately. These vials were then placed inside a larger scintillation vial (size: 20 mL) 
containing CHCl3 (4 mL) as the diffusing solvent. The vial was closed and kept at 20 °C 
for seven days, Colorless crystals were obtained. 
 
4.4.2.2 Synthesis of Compound 128 
Compound 127 (128 mg, 0.32 mmol), imidazole (1.30 g, 19.1 mmol), and dry 
CH2Cl2 (15 mL) were added to a thick-walled 20 mL microwave vial. The mixture was 
stirred under nitrogen for 10 min. The reagent t-butyldimethylsilyl chloride (2.90 g, 19.1 
mmol) was then added to the mixture. The vial was sealed, and then placed into a Biotage 
microwave reactor, where it was heated for 10 h at 40 °C. The reaction mixture was 
diluted with CHCl3 (50 mL), washed with H2O (50 mL), and the organic layer was 
separated and dried over anhydrous MgSO4. After removal of solvent, the crude product 
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was isolated as light yellow oil. Pure compound 128 was obtained after recrystallization 
from pentane at −78 °C (142 mg, 60%). Mp 167 °C. UV–Vis (THF): λmax (log ε) = 286 
(3.61), 326 (3.18) nm. IR (neat): 3070 (w, ῦC–H), 2929 (w, ῦC–H), 1713 (s, ῦC=O), 1674 (s), 
1581 (s), 1471 (s), 1362 (s), 1257 (m), 1120 (m), 1028 (m), 862 (m), 781 (s), 735 (s), 698 
(s) cm–1. 1H NMR (CDCl3, 500 MHz): δ 7.88 (s, 3H), 7.72 (d, 3JH–H = 8.0 Hz, 3H), 7.73 
(d, 3JH–H = 7.6 Hz, 3H), 7.33 (dd, 3JH–H = 8.0 and 7.4 Hz, 3H), 5.82 (s, 3H), 0.87 (s, 27H), 
0.09 (s, 9H), 0.08 (s, 9H). 13C NMR (CDCl3, 125 MHz): δ 198.3, 139.2, 135.7, 131.6, 
129.5, 128.9, 127.0, 79.4, 25.9, 18.5, −4.6, −4.7. LRMS (ESI/[M+Na+]): calcd for 
C42H60O6Si3 767.36, found 767.38, and (ESI/[2M+Na+]): calcd 1511.73, found 1511.09. 
4.4.2.3 Synthesis of Compound 129 
Terephthaldehyde (126, 6.80 g, 50.0 mmol), 2-methoxyethanol (150 mL), and 
deionized H2O (150 mL) were added to the 500 mL round bottom flask equipped with a 
stirring bar, and the mixture was heated under nitrogen until all 126 dissolved. At that 
point, NaCN (253 mg, 5.00 mmol) was added into the round bottom flask, and the 
heating was continued for 48 h. The obtained precipitate was subjected to a hot filtration 
and then washed with deionized H2O (200 mL), MeOH (200 mL), and Et2O (200 mL). 
After dried in vacuo, crude product (2.70 g, 40%) was obtained. Recrystallization from 
DMSO and hot MeOH, pure 129 was obtained (1.40 g, 21%) as an off-white solid. Mp 
299–300 °C (decomposition); 1H NMR ([D]6DMSO, 600.2 MHz): δ = 7.83 (d, J = 8.4 Hz, 
2H), 7.34 (d, J = 8.4 Hz, 2H), 6.22 (d, J = 5.4 Hz, 2H), 5.91 ppm (d, J = 4.8 Hz, 2H); 13C 
NMR ([D]6DMSO, 125.8 MHz): δ = 197.40, 144.59, 132.95, 129.44, 127.12, 76.36 ppm; 
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UV–Vis (DMSO): λmax (log ε) = 261 (4.68), 318 (3.28) nm; FTIR (KBr pellet): ṽ =  3456 
(s, br), 3057 (w), 2937 (w), 1930 (w), 1807 (w), 1679 (s), 1606 (s), 1413 (m), 1255 (s), 
1188 (m), 1122 (m), 1095 (s), 1018 (w), 981 (s), 841 (s), 818 (s), 744 (s), 704 (s) cm–1; 
CI–HRMS: m/z calcd for C32H24O8: 536.1471; found [M + H]+: 537.1548. 
Recrystallization method: crude product (2.70 g) was added DMSO (400 mL); the 
mixture was stirred under N2 at 50 °C for 12 h. The resulting solution was filtered and 
transferred to a 1 L round bottom flask; boiling MeOH (500 mL) was then carefully 
layered on top of the mother solution. After it was cooled to 20 °C, the round bottom 
flask was sealed with septa and filled with N2. After 7 days, the precipitates were filtered 
and washed with MeOH (100 mL) and ether (100 mL). 
Single crystal growth method: crude product (40 mg) was dissolved in DMSO (20 
mL) under heating. The resulting solution was cooled to 20 °C and filtered. The filtrate 
was added to five small vials (size: 0.8 mL) in different volumes from 0.1 to 0.5 mL 
separately. These vials were then placed inside a larger scintillation vial (size: 20 mL) 
containing MeOH (4 mL) as the diffusing solvent. The vial was closed and kept at 20 °C 
for two weeks, Colorless needle shaped crystals were obtained. 
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4.4.3 Thermogravimetric Analysis of Compound 129 
 
Figure 4.6 TGA of compound 129.  
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4.4.4 Powder X-Ray Diffraction Patterns of Compound 129 
 
Figure 4.7 Comparison of PXRD patterns of compound 129: simulated from single-
crystal X-ray data (top) and measured from a freshly recrystallized sample of 126 
(bottom).  
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4.4.5 Gas Adsorption Isotherm of Compound 129 
 
Figure 4.8 Adsorption (●) and desorption (○) of N2 gas within the pores of 129, 
measured at 77 K.  
 
4.4.6 Crystal Data for Compound 127 
Table 4.1 Crystallographic Data of Compound 127. 
Empirical formula   C28.32H26.64O7.08  
Formula weight   480.26  
Temperature    123(2) K  
Wavelength    0.71073 Å  
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Crystal system    Hexagonal 
Space group    R3 
Unit cell dimensions   a = 14.650(2) Å α = 90° 
b = 14.650(2) Å β = 90° 
c = 9.2986(16) Å γ = 120° 
Volume    1728.3(5) Å3 
Z     3 
Density (calculated)   1.384 Mg/m3  
Absorption coefficient  0.099 mm–1  
F(000)     760  
Crystal size    0.28×0.25×0.24 mm3 
θ range for data collection  2.72° to 30.50° 
Index ranges    –20 ≤ h ≤ 20, –19 ≤ k ≤ 20, –12 ≤ l ≤ 12  
Reflections (collected)  7063 
Reflections (unique)   2262 [R(int) = 0.0162]  
Completeness to θ = 30.50  98.6 %  
Absorption correction   Empirical 
Max. and min. transmission  0.9765 and 0.9727  
Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters  2262 / 7 / 117  
Goodness-of-fit on F2   1.034  
Final R indices [I > 2σ(I)]  R1 = 0.0500, wR2 = 0.1411  
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R indices (all data)   R1 = 0.0503, wR2 = 0.1415   
Largest diff. peak and hole  0.605 and -0.276 e / Å3 
 
4.4.7 Crystal Data for Compound 129 
Table 4.2 Crystallographic Data of Compound 129. 
Empirical formula   C32H24O8 
Formula weight   536.51 
Temperature    100(2) K 
Wavelength    0.40651 Å 
Crystal system    Tetragonal 
Space group    P421c 
Unit cell dimensions   a = 14.507(3) Å α = 90° 
      b = 14.507(3) Å β = 90° 
      c = 5.8300(10) Å γ = 90° 
Volume    1226.9(5) Å3 
Z     2 
Density (calculated)   1.452 Mg/m3 
Absorption coefficient  0.046 mm–1 
F(000)     560 
Crystal size    0.10×0.01×0.01 mm3 
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θ range for data collection  1.795° to 17.318° 
Index ranges    –21 ≤ h ≤ 21, –21 ≤ k ≤ 21, –8 ≤ l ≤ 8 
Reflections collected   24222 
Independent reflections  2018 [R(int) = 0.1760] 
Completeness to θ = 14.117°  98.2 %  
Absorption correction   None 
Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters  2018 / 0 / 94 
Goodness-of-fit on F2   1.051 
Final R indices [I > 2σ(I)]  R1 = 0.0562, wR2 = 0.1162 
R indices (all data)   R1 = 0.0908, wR2 = 0.1308 
Absolute structure parameter  0.4(10) 
Extinction coefficient   N/A 
Largest diff. peak and hole  0.280 and -0.211 e / Å3 
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